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SYNOPSIS 
The main aim of the research was to study the behaviour of 
a silty clay under two-way cyclic loading. Equipment was developed 
for the application of a sinusoidally varying deviator stress to a 
sample in the triaxial cell. The equipment was designed to apply 
deviator stresses in both compression and extension during each 
cycle. 
ii 
A programme of monotonic and two-way cyclic triaxial tests has 
been performed on samples of Keuper Marl, isotropically consolidated 
to a range of stress histories. The build-up of strain and pore 
pressure during repeated loading is discussed. A model is developed, 
within the framework of the critical state theory of soil mechanics, 
to predict the amount of pore pressure produced by a given number of 
loading cycles at a known stress level. An extension of the model 
is suggested whereby the varied loading, more appropriate to offshore 
foundation conditions, may be analysed. 
In addition, a programme of monotonic and cyclic simple shear 
tests has been performed. The equipment has been developed, during 
the course of the research, to enable the direct measurement of pore 
pressure during shear. At attempt has also been made to monitor the 
change in lateral stress during shear by means of an instrumented 
membrane. The results of the simple shear tests have been analysed 
and are presented in terms of horizontal shear stress and effective 
vertical stress. An attempt has been made. to deduce the principal 
stresses present in a sample subject to simple shear loading and a 
method of relating the results from monotonic tests using simple 
shear and triaxial devices is discussed. 
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AUTHOR'S NOTE 
References appear at the end of the text, in alphabetical 
order. All diagrams and plates are placed at the end of the 
relevant chapter. 
The line referred to as the Applied Stress Path (AS!) is 
the to~al applied stress path net of the back pressure at the 
start of the test. 
xi 
CHAPTER ONE 
INTRODUCTION 
During the development of the North Sea oil and gas fields 
concrete gravity structures have won approval alongside the more 
traditional jacket structures. These gravity structures rely, for 
their stability, solely on their self-weight. Oncoming waves cause 
substantial forces to be transmitted through the structure to the 
seafloor. As waves pass these forces vary cyclically. The effect 
that these varying loads might have on the foundation soil is ob-
viously a subject of some concern to the designers. 
Early studies of cyclic loading were concerned primarily with 
the response of soil to relatively high frequency repeated loading 
generated by road traffic. The development of gravity structures 
provoked considerable research into the field of lower frequency 
repeated loading. Early work by Bjerrum (1973) and Andersen (1976) 
produced largely empirical methods of predicting pore pressure and 
strain accumulation. The methods involved defining the design 
storm as a number of packages of waves of a particular height. A 
conservative approach was adopted whereby the severity of the waves 
was assumed to increase during the storm causing the la"gest wave 
to arrive at the end, when its effect would be maximised. 
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Methods, proposed by Egan and Sangrey (1978) and Hyde and ward 
(1985) , were based on the critical state model developed by Schofield 
and Wroth (1968). In each case the amount of pore pressure developed 
during a design storm was calculated and the stress path of the 
sample analysed in relation to a predetermined failure surface. 
Neither method is ideal, however, in that only one-way loading is 
2 
considered. A system of two-way loading involving a rotation, or 
reversal, of principal stresses is generally considered to be more 
appropriate to the wave loading condition. ._Further, the work of 
Egan and Sangrey is very general, attempting to describe the 
behaviour of sand, silt and clay in one model. 
Most models are built up from test results from one of a number 
of standard geotechnical testing devices - normally the triaxial cell 
or the simple shear device. The true stress conditions below a 
gravity structure are complicated. A simplifying assumption 
commonly made is that the soil below the edge of a structure suffers 
a cyclic triaxial type of loading during a storm, and that the soil 
close to the centre is subject to a cyclic simple shear condition 
(Andersen et al., 1976). The aims of the present research were 
therefore twofold. Firstly, to study the response of a silty clay 
to two-way repeated triaxial loading. In order to achieve this, the 
electro-pneumatic equipment described by ward (1983) was developed 
-., 
further. 
Secondly, the stress conditions in the simple shear device 
were studied in an attempt to describe the behaviour of a soil 
sample in simple shear in terms of principal stresses. This was 
attempted for both monotonic and cyclic stress conditions. It was 
hoped that this would enable a direct comparison between the data 
from simple shear tests and those from triaxial tests. An 
instrumented reinforced membrane was used to measure the _.change in 
lateral stress during consolidation and shear. A miniature pore 
pressure transducer was incorporated in the apparatus to enable direct 
pore pressure measurement and to avoid the use of the 'constant 
volume' test procedure defined by Bjerrum and Landva (1966). A 
method has been devised whereby the measured and applied stresses 
can be combined to estimate the principal stresses present. 
The soil tested was a reconstituted Keuper Marl. By using a 
laboratory prepared material the variability often observed in 
undisturbed soil samples was, to some degree, avoided. Also, the 
results from the present study could be readily compared with the 
results of one-way cyclic tests performed on the same material by 
Ward (1983). 
The major aim was to produce a simple, coherent model, within 
the critical state framework, to describe the behaviour of a silty 
clay under two-way cyclic loading. 
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CHAPTER TWO 
LITERATURE REVIEW 
2.1 INTRODUCTION 
Gravity structures rely for their stability on their immense 
weight. Their use is relatively new; the first structure of this 
type was commissioned in 1973 for the Ekofisk field in the North 
Sea. Since then over a dozen structures have been put in place. 
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The design claims a number of advantages over the more 
traditional jacket structure. The major advantage is that they offer 
on site oil storage facilities. Other advantages claimed for the 
structures are (a) relatively quick installation time on site and 
(b) possible deballasting and re-siting capability. Against these 
factors must be set the disadvantages that the structures are very 
sensitive to site topography and to scour (Burland, Penman and 
Gallagher, 1978). Also, their use has been limited to water depths 
of lSOm or less. 
The design of gravity platforms involves the consideration 
of (a) bearing capacity, (b) overturning stability, (c) sliding 
stability and (d) settlements. All these factors may be adversely 
affected by repeated wave loading. Concern was expressed at an 
early stage that the effect of wave loading both on the structure 
stability and settlement may be severe. As a result a great deal 
of research has been undertaken into the subject of cyclic loading 
of soils. 
Alongside conventional triaxial tests cyclic simple shear 
tests are often specified during the laboratory testing stage of a 
gravity structure's design. The simple shear device was first 
developed to investigate the possibility of slippage in thin clay 
layers (Bjerrum and Landva, 1966). It was subsequently modified to 
apply cyclic loads. It was felt that this test configuration best 
modelled the load regime below the centre of a gravity structure 
during a storm (Andersen, 1976). A great mass of comment has 
accumulated over recent years on the subject of the simple shear 
device and its shortcomings (Saada, 1984; Airey and Wood, 1984). 
Though many criticisms have been voiced no satisfactory alternative 
to the test has emerged. It is imperative, however, when engaging 
upon a programme of tests using the device that the operator is well 
aware of its limitations, in order to reduce, wherever possible, the 
scope for error., 
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In the following pages the design of offshore gravity structures 
is first reviewed. Particular attention is paid to the possible 
effects of storm wave loading and the methods of analysis available 
to engineers. The main points to emerge from recent research into 
cyclic loading are then presented. Finally the simple shear device 
is discussed in detail. 
2.2 GRAVITY STRUCTURE FOUNDATION DESIGN 
In his state-of-the-art paper in 1973 Bjerrum outlined the 
following requirements for the successful foundation design of 
gravity structures: 
1) when subjected to the maximum wind and wave loads the 
structure shall show an acceptable factor of safety against 
horizontal sliding and against shear failure in the foundation soil; 
2) when subjected to the maximum wind and wave forces, the 
displacements should be acceptable; 
3) the factor of safety against a shear failure and the 
displacement should also be acceptable after the structure has been 
subjected toaperiod of repeated wave forces in severe storms; 
4) the natural frequencies of the structure should differ 
from those of possibly occurring wave forces, ensuring that there 
will be no resonance; 
5) the structure should be designed so that a good contact 
will be obtained between the base slab and the sea floor and that it 
will be maintained when subjected to wave loads so that undermining 
by erosion is prevented; and 
6) when required, precautions should be taken to prevent 
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the foundation from becoming endangered by scouring caused by currents 
or wave action. 
A number of authorities have produced Codes of Practice for 
the design of gravity structures, Federation Internationale de la 
Precontrainte (FIP), 1977; Det norske Veritas (DnV), 1977; Norwegian 
Petroleum Directorate (NPD), 1977; Department of Energy, Great Britain 
(D Eng) , 1977. DnV and NPD suggest a limit state design method with 
partial safety factors, while DEng recommend an overall safety 
factor. 
Limit state design regards a structure as unfit under any of 
the following conditions (NPD, 1977): 
1) ultimate limit state, related to the risk of failure or 
large inelastic displacements; 
2) fatigue limit state, related to the effects of repeated 
loading; 
3) progress~ve collapse, due to parts of the structure 
failing to perform their functions adequately and causing additional 
unexpected stress elsewhere; and 
4) serviceability, related to normal use or durability. 
The Codes recommend various material and load factors, 
Table 2-1, which aim to account for uncertainties in construction, 
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environmental loads, load calculation, material properties and 
design methods. 
Table 2-1: Load factors and material factors in current use (FIP, 1979) 
Reference Load factors 
p L 
FIP (1977) 1.1/0.9 1.3/0.9 
DnV (1977) 1.0 1.0 
NPD (1977) 1.0 1.0 
DEng (1977) 1.0 1.0 
Note: P = permanent load 
L = live load 
D 
1.1/0. 9 
1.0 
1.0 
1.0 
* = overall factor of safety 
Material factors 
Cohesion or Effective E undrained friction 
strength 
1.3 1.4 1.2 
1.3 1.3 1.2 
1.3 1.3 1.2 
1.0 1.5* 1.5* 
D = deformation load 
E = environmental load 
In an attempt to come to terms with such uncertainties 
statistical design methods, such as that proposed by Kraft and Murff 
(1975) have been developed. 
R~ren, Foss and Furnes (1977) identified four pcssible 
mechanisms of failure; (a) bearing, (b) sliding, (c) rocking or 
overturning and (d) liquefaction. Liquefaction will hardly occur 
in the clay soil at the site of most gravity structures. However 
the reduction in effective stresses caused by the build up of pore 
pressures during severe storm loading is a subject which must be 
considered. To these must be added a consideration of the degree 
of scour and magnitude of settlements expected during the structure's 
lifespan. Subjects of particular concern at the installation stage 
are (a) skirt penetration resistance and (b) local contact stresses. 
All these factors must be investigated at both the preliminary 
design and the final design stages. Bearing capacity, sliding and 
excessive structure settlement are all possible failure modes which 
may be aggravated by severe storm loading of the structure. The 
analysis performed during preliminary and final design stages are 
discussed in the following sections. 
2.2.1 Bearing Capacity 
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Clausen and Lunne (1979) suggest that for the preliminary 
design stage a total stress analysis may be performed. To supplement 
the limited soil data available initially they suggest that the soil 
strength may be inferred from cone penetration data. Formulae, such 
as that proposed by Kjekstad, Lunne and Clausen (1978) , are recommended 
= (qc - Yz)/17 2.1 
where Su = soil shear strength, Yz = overburden pressure and 
qc = cone resistance. Schmertmann (1975) offers a similar relation-
ship. When the laboratory testing programme has produced accurate 
soil data the preliminary calculations can be checked by rather more 
rigorous methods. 
1) Bearing capacity formulae. Though subject to a number of 
simplifying assumptions formulae from a number of sources (Meyerhof, 
1963; Hansen, 1970 and 1976; Vesic, 1975) are frequently used. 
2) Limiting equilibrium methods. Procedures developed from 
the method of slices have been produced by Morgenstern and Price 
(1965), Janbu (1973) and Lauritzen and Schjetne (1976), the latter 
being a method produced specifically for the design of offshore 
gravity structures. Though normally performed in terms of total 
stresses, Janbu, Grande and Eggereide (1976) advocate the use of 
effective stress analyses for undrained loading. 
3) Energy methods. Murff and Miller (1977) and Karal (1977) 
have produced upper bound methods for foundation design based on 
engineering plasticity methods. 
4) Finite elements. Finite element methods (FEMs) are 
available (Dumas and Lee, 1980; Smith, 1976) which give values for 
the stress state throughout the foundation and allow the effects of 
layered soil to be taken into account. However, they are very 
dependent on accurate soil data and are expensive to run. 
2.2.2 Resistance to Overturning 
9 
The designer must ensure that, when subjected to the maximum 
overturning moment the structure does not lift off the seabed at any 
point. If this were to happen water would be free to enter the space 
between the structure and the foundation soil. As the wave passes 
over and the structure returns to its original position the water 
would be expelled with some considerable force. If this action were 
to be repeated a number of times the pumping failure, as described 
by Burland et al. (1978) may occur. An arrangement of concrete or 
steel skirts below the base and penetrating the foundation soil is 
designed to offer protection against such a failure. 
2.2.3 Resistance to Sliding 
Young, Kraft and Focht (1975) identify at least three potential 
modes of sliding failure. The actual failure mode, they suggest, 
depends primarily on the skirt height, spacing and orientation of 
skirt elements, the net vertical foundation load, and the soil 
strength profile. 
Eide (1974) suggested that for gravity structures the tangent 
of the mobilised angle of friction tan B = Ph/Pv, where Ph = hori-
zontal force and Pv = minimum vertical force. For sand, the minimum 
angle of friction on the soil-structure interface is taken as ' and 
so the factor of safety, SF, may be calculated as 
SF = tan '/tan B 2.2 
The factor of safety for horizontal sliding on a clay 
foundation is calculated simply as 
SF = A. tf/Ph 
where A = base area and tf = undrained shear strength. 
2.2.4 Settlements 
2.3 
Problems arise due to the settlement of offshore structures. 
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The height of the platform deck above sea level may be reduced below 
acceptable margins. Stresses in risers and conductors may become 
excessive. Differential settlements may cause instabilities critical 
to the structure (Burland et al., 1978). It is important to be able 
to predict with some accuracy the settlement a gravity structure may 
suffer. 
Schjetne et al. (1979) defined seven types of settlement. 
1) Initial settlement, undrained shear strain which occurs 
immediately the foundation is loaded. Elasticity (Poulos and Davis, 
1974; Janbu, 1963) or finite element analyses are used to predict 
such settlement. The soil stiffness depends on such factors as soil 
type, stress level and OCR. 
2) Consolidation settlement, depends on the soil permeability, 
drainage conditions and compressibility. The time for complete 
consolidation may vary from weeks (sands) to years (clays) • 
3) Secondary settlements (creep), occurring when consolidation 
is complete. There is no well established method of predicting such 
settlements. Estimates are normally made of a combination of 
secondary and storm-induced settlements. This, again, is a simple 
empirical method of allowing l-2cm per year. 
4) Storm-induced settlements, separated by Schjetne et al. 
into two types - those due to shear strains and those due to 
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volumetric strains. They suggest that shear strains in turn may 
be divided into two components. The first is as a result of an 
excess of pore pressure which reduces the effective stresses and 
thus reduces the soil stiffness. The second results from non-
symmetric cyclic shear stresses which cause a permanent shear strain 
even if no excess pore pressure exists. 
Volumetric strains occur where drainage is permitted, e.g. in 
sands during particularly long storms. They depend on soil 
compressibility, permeability, layering and drainage boundary 
conditions (Rahman, Seed and Backer, 1977). 
One or two analytical methods have been proposed to predict 
storm-induced settlements (Andersen et al., 1978). Empirical 
methods, as a result of instrumentation and model tests (Clausen 
et al., 1975) have given additional information. In general an 
allowance of l-2cm per year is made. 
5) cyclic displacements, immediate displacements due to 
cyclic wave action. 
6) Differential displacements, due to variation in soil 
properties, eccentric platform load, non-symmetric wind or wave 
loading. They may be partially corrected by means of eccentric 
ballasting. 
7) Permanent lateral displacement. There is no generally 
accepted method of analysis available to predict lateral displacements 
due to preferred wind, current or wave direction. Movements of no 
more than a few centimetres have been noted on instrumented 
platforms. 
2.2.5 Wave Loading Effects 
The stability of a gravity structure may be severely affected 
by wave action. The cyclic action of waves during a storm may cause 
(a) a build up in shear strains or (b) a build up in pore pressures 
which cause a reduction in effective stresses and, after a period 
of drainage, some volumetric strain. An analysis is required 
therefore to estimate the likely effects of a severe storm on the 
structure's foundation. 
The first problem faced by the designer is the definition of 
the worst possible storm the structure will have to survive. This 
is generally accepted to be the lOO-year storm, i.e. the worst 
storm likely to occur in the area in 100 years. Its profile is 
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built up statistically from available storm data and generally takes 
the form of a Rayleigh distribution (Foss, Dahlberg and Kvalstad, 
1978) . A transfer function is then calculated which relates the wave 
period to a stress in the foundation. A profiie of the stresses 
caused by the storm can then be built up by multiplying the wave 
periods by the square of the transfer function. A degree of 
simplification is introduced by presenting this information in the 
form of a histogram, packages of waves of equal severity. 
Typical values of the forces acting on a gravity structure 
foundation are presented in Figure 2-1. The stress conditions 
assumed to be present in the soil for the purposes of analysis are 
also shown (Andersen et al., 1976). Though an elastic analysis of 
the situation suggests a rather more complicated state of affairs 
this simplification is necessary due to the limited range of 
laboratory te?ts presently available. 
Foss et al. (1978) identified two possible failure modes due 
to cyclic loading. The first, termed the "quasi-static stability 
failure" assumes that the largest wave strikes the structure at the 
end of the storm. The design method of Andersen (1976) , described 
below, assumes this type of failure mechanism. The second failure 
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mode, "failure due to cyclic loading", is illustrated by the diagram 
in Figure 2-2, taken from Ward (1983). As pore pressure builds up 
the stress path migrates to the left until it reaches the failure 
surface. The liquefaction of sand is an example of this type of 
failure and has been the subject of a great deal of research 
(Seed, 1979). 
The method of analysis proposed by Andersen (1976) was developed 
from the results presented by NGI (1975). Figure 2-3b shows a series 
of strain contours drawn from the results of a number of single 
stage stress controlled cyclic tests. Figure 2-3a allows the 
prediction of the amount of shear strain produced during the changes 
from one stress level to the next. This is termed "immediate cyclic 
shear strain, ~Yc,i"· Using the design storm, derived statistically 
as described earlier, the analysis proceeds as follows. 
The amount of strain produced by the first package of N waves 
of stress level S 1 is the sum of the "inunediate cyclic shear strain" 
and the "cyclic strain after N cycles", path A-B in Figure 2-3. 
When the stress level is increased the amount of strain already 
suffered by the soil is retained, as illustrated by path B-C. The 
amount of strain present at the end of the second stage is cal-
culated from a new origin - the point C on Figure 2-3. The cyclic 
strain after N + ~N cycles, YC,N+~N, may be expressed as 
Yc,N+~ = 2.4 
where Ye N is the strain after·the previous N cycles and ~Ye ~N 
' ' 
is the permanent strain produced by ~N cycles. The analysis continues 
in this fashion until the maximum stress level is reached. The 
calculation is normally performed graphically, although Andersen 
et al. (1978) have produced an equivalent numerical method. 
Though the data used to develop the design method was from 
cyclic simple shear tests, Andersen suggested that triaxial data 
should behave in a similar fashion. Procter and Khaffaf (1984) put 
this to the test using results from two-way triaxial tests. They 
found a considerable discrepancy between the behaviour they observed 
and that predicted by Andersen's strain accumulation method. 
Foss et al. (1978) presented an extension of the above method 
to consider the case of "failure in cyclic loading". The strains 
at the end of the storms of various durations are calculated by the 
accumulated strain method. Figure 2-3c,reproduced from the paper, 
shows that once a certain stress is reached shear strains develop 
rapidly. This curve may be used to define the strength under cyclic 
loading just as the static curve defines the static strength. 
It would appear that, as for single stage loading, a critical 
level of repeated loading (Ch~L) exists for multistage loading above 
which failure occurs and below which stability or relatively small 
strains ensue. It seems unlikely that the CLRL for multistage 
loading should be dependent solely on the maximum stress level, 
regardless of the severity or duration of previous stress levels. 
This, however, appears to be what Foss et al. suggest. 
Both Egan and Sangrey (1978) and Hyde and ward (1985) propose 
methods of analysis based on the critical state theory of soil 
mechanics (Schofield and Wroth, 1968). They describe the stress 
path migration towards a failure surface; in the case of Egan and 
Sangrey the critical state line, for Hyde and Ward the Hvorslev 
surface. Both methods were derived from the results of one-way 
cyclic triaxial tests. Hyde and Ward however were limited to the 
behaviour of a silty clay while Egan and Sangrey claim that their 
model is suitable for all types of soil. They do note, however, 
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that "the significance of pore pressures, and particularly the 
ability to predict pore pressures, varies depending on the type 
of soils". For contractive (normally consolidated) soils pore 
pressure accumulation is an important concern, whereas for dilative 
(overconsolidated) soils "the practical problems with drainage and 
with deformation" are more significant. 
2.3 THE CYCLIC LOADING OF CLAY 
The response of a soil to repeated loading was at first 
investigated in connection with the liquefaction of foundations. 
Early studies were concerned primarily with repeated 
loading of cohesionless materials, e.g. earthquakes, machinery 
vibrations. Later, high-frequency repeated loading of cohesive 
soils was undertaken to study the response of pavement subgrades 
to the transient loads of passing traffic. More recently research 
has concentrated on low-frequency (~O.lHz) cyclic loading of 
cohesive materials in response to increasing offshore activity. 
It is a commonly held view that, under cyclic loading, pore 
water pressure and permanent strain build up and the soil's elastic 
modulus degrades (Koutsoftas, 1978). Failure due to cyclic loading 
will occur when either (a) pore pressure accumulation reduces the 
effective stresses to a critical level or, (b) greater permanent 
strains are produced than those the foundation was designed to 
accommodate. 
It must be stressed that cyclic loading will not always lead 
to failure. In fact it may occasionally have beneficial effects, 
for instance during drained rest periods when the dissipation of 
positive pore pressures is permitted. A soil's behaviour under 
cyclic loading depends on a number of factors, e.g. stress level, 
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rate of loading, type of stress pulse etc. The following section 
reviews recent research into the behaviour of clays subject to 
repeated loading. 
Firstly the major factors which affect the soil's response 
to cyclic loading will be discussed. Then the data presented in 
literature in recent years are reviewed. 
2.3.1 Critical Level of Repeated Loading 
Larew and Leonards (1962) performed a series of cyclic load 
tests on sand, silts and clays. Though they made no measurement of 
pore pressures, their observation of strain accumulation led them 
to suggest that a "critical level of repeated deviator stress" 
exists which determines the soil's behaviour. Above this value the 
soil proceeds to failure; below it the strains level off. They 
suggested that this critical value be termed the "strength" of 
compacted clay subjected to repeated loading. 
Later, Sangrey, Henkel and Esrig (1969) performed tests on 
saturated samples of a range of soils - sands, silts and clays -
and successfully measured pore pressures. They again observed 
what they termed a "critical level of repeated loading" above which 
strain and pore pressure continue to build up until failure occurs, 
and below which an equilibrium state is achieved. This strain 
behaviour was later observed and presented by Lashine (1973) in 
terms of the rate of strain. Figure 2.4, produced from his 1973 
paper, illustrates three distinct modes of behaviour. During the 
first part of the tests, up to the first lOO cycles, the observed 
behaviour was irregular due to adjustments to the loading system. 
The second stage comprises a decrease in the strain rate. When 
presented in terms of a log-log plot the relationship between 
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strain rate and number of cycles was linear. The third stage showed 
a marked increase in strain rate for those samples which failed and 
a decrease for those samples which did not. Hyde (1974) and later 
Ward (1983) observed similar strain rate responses. Ward also 
presented pore pressure data in terms of rate plots. Again, a linear 
relationship was observed when the data were plotted on log-log axes. 
The critical level of repeated loading has been noted by 
numerous researchers since Larew and Leonards (1962) • A selection 
of data is presented in Table 2-2, detailing the material, type of 
tests and observed critical levels of repeated loading. 
The critical level of repeated loading is generally found by 
a series of stress controlled tests. Procter and Khaffaf (1984) 
attempted to define the critical level of repeated loading by 
performing one strain controlled test at a low level of strain and 
observing the stress reduction as the test progressed. They found 
that this method was successful for frequency ranges between 1/120 
and 1/5 Hz. Though Procter and Khaffaf admitted that the results 
were only strictly relevant to the remoulded Derwent clay they tested, 
they believed that the qualitative nature of the trends apply 
generally. 
The results of Ward (1983) show that the critical level of 
repeated loading is not constant for a particular soil but varies 
according to its stress history. A comparison of the data pre-
sented by Lashine (1973) and Ward (1983) in Table 2-2 suggests that 
the CLRL may also be dependent upon frequency. Both researchers 
performed one-way cyclic triaxial tests on similar materials but 
at different frequencies and obtained significantly different 
results. 
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2.3.2 Frequency 
In contrast to the general agreement on the effect of the level 
of repeated loading a good deal of conflicting evidence has been 
presented regarding the effect of the frequency of loading. 
Seed and Chan (1966), testing Anchorage silty clay, observed 
no difference in behaviour between tests at 1 Hz and 2 Hz. Later 
Lashine (1973) found no frequency effects over the much larger range 
of 0.01 to 10 Hz, when performing one-way tests on Keuper marl. 
Motherwell and Wright (1978) found that the frequency of loading 
had no discernible influence over the range 0.05 to 0.1 Hz. 
Thiers and Seed (1969) reported a difference in behaviour over 
the range lto 2Hz for tests on San Francisco Bay Mud. Samples 
subject to a higher frequency offered a greater resistance to cyclic 
loading. Arango and Seed (1974), reporting results from simple 
shear tests, again observed a greater resistance to repeated loads 
at higher frequencies. Takahashi, Hight and Vaughan (1980) performed 
a series of very slow cyclic tests on sandy clay. The test speed 
was chosen to ensure accurate pore pressure readings. They, also, 
noted that a lower frequency led to failure in fewer cycles at the 
same stress level. 
Procter and Khaffaf (1982) examined the feasibility of 
reducing the frequency of cyclic loading to produce sample 
degradation in a shorter period of time. The aim was to perform 
tests at a more economic rate. Within a small range of frequencies 
this approach was found to be effective, but outside this range 
tests at a lower frequency required a longer time to failure despite 
requiring a reduced number of cycles. 
Sangrey, Pollard and Egan (1978) discussed the effects of 
various rates of loading. They found that a slow rate had the 
advantage that pore pressures are able to equalise throughout the 
sample and can therefore be measured more accurately. A slow rate 
of loading, however, may also give rise to creep effects. A faster 
rate has the advantage of being more representative of field con-
ditions. It may also be more cost effective. However, problems 
of non-uniform pore pressure may occur. 
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Sangrey et al. concluded that "there is no cyclic loading rate 
which has a clear advantage over other rates, although for particular 
purposes there is a clear preference 11 • 
2.3.3 Shape of Waveform 
A number of researchers have studied the effects of different 
waveforms. Seed and Chan (1966) and Thiers and Seed (1969) applied 
triangular and square waveforms to clay. For a given peak stress 
ratio the square waves had a more damaging effect than the triangular. 
Murayama and Shibata (1960) also suggested that a rectangular wave-
form is more damaging than a triangular one. NGI (1975) shows that 
for tests on normally consolidated samples in the simple shear 
apparatus rectangular and trapezoidal waveforms produce no noticeable 
difference in effect. However for tests on samples of OCR 4 the 
rectangular waveform is more destructive. 
Lee and Focht (1976) suggested an explanation for this 
behaviour, in terms of creep. The longer the sample is subject to 
the maximum load the greater opportunity it has to creep. Therefore 
waveforms with the longest duration at the peak, i.e. rectangular, 
will have the most severe effect. Similarly, Fischer, Koutsoftas 
and Lu (1976) suggested that creep may also be the reason why a 
lower frequency of loading has a more damaging effect. The material 
is given more time to strain at the larger stresses each cycle. 
Hyde and Brown (1976) compared the results of creep and cyclic load 
tests in terms of the rate of strain and found.that it was possible 
to predict, reasonably well, the strain under cyclic loading from 
creep test results. 
2.3.4 Stress History 
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The stress history of a soil has been observed to have a 
significant effect on both the pore pressure and the strain response 
to cyclic loading. Matsui, Ohara and Ho (1980) noted that over-
consolidated soils have a greater resistance to pore pressure 
accumulation. They observed that a higher cyclic strain was required 
to produce positive pore pressures in samples of larger overcon-
solidation ratio (OCR) . 
Ward (1983) showed that when subject to similar repeated stress 
levels normally consolidated samples produced pore pressure at a 
greater rate than samples of OCR 4. Koutsoftas (1978) suggested that 
this greater pore pressure may have been the cause of the lower post-
cyclic shear strengths observed for normally consolidated soil 
samples. 
Hyde (1981) discussing the stability of overconsolidated soils 
subject to repeated loading concluded that "the more heavily over-
consolidated the soil is the lower the proportion of the maximum 
undrained strength that can be applied under repeated load 
conditions". 
Sangrey, Henkel and Esrig (1969) devised a model, in terms of 
principal stresses, to define the behaviour of a clay under repeated 
loading. They found that when the applied repeated stresses were 
lower than the critical level, discussed in Section 2.3.1, the soil 
reached a state of equilibrium. They showed that the position 
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of the stress path at this non-failure equilibrium state proved a 
linear relationship between accumulated pore pressure and stress 
level. It is clear from Figure 2.5 that the slope of this equilibrium 
line is very much dependent on the sample stress history. 
Takahashi, Hight and Vaughan (1980) noted that increased OCR 
reduced the duration of the stress path to failure. They observed 
that for samples of sufficiently high OCR, and corresponding low 
values of mean effective stress, p', the first effective stress 
cycle lies close to the failure envelope and further migration is 
restricted. Richer (1980), suggested that the failure in cyclic 
loading of overconsolidated clays comes about as a result of the 
breakdown of interparticle contacts. Consequently there is little 
change in the effective stresses. However failure of normally 
consolidated samples occurs as a result of the accumulated pore 
pressure and reduction in effective stresses. Takahashi et al. 
also noted, as did Taylor and Bacchus (1969), that the stress path 
migration was initially away from the origin of the stress space 
for samples of reasonably high OCR. 
Fischer, Koutsoftas and Lu (1976) performed cyclic triaxial 
tests on marine clays. They presented curves of double amplitude 
strain against stress level which show that overconsolidated soils 
suffer relatively larger strains than normally consolidated soils 
under similar loading conditions. Andersen (1976) and Andersen, 
Pool, Brown and Rosenbrand (1980) present strain contour plots in 
general agreement with Fischer et al. 
The difference in response of samples of different stress his-
tories is further illustrated when post-cyclic drainage is 
permitted. The effect of drainage has been the subject of much 
research (Yasuhara, 1985; Brown, Andersen and McElvaney, 1977; 
Sangrey, Castro, Poulos and France, 1978). There appears to be 
general agreement in the data published. Normally consolidated 
soils, when permitted to drain after a period of repeated loading, 
become stronger and more able to resist further periods of cyclic 
loading, (Overy, 1982). Overconsolidated soils, which accumulate 
negative pore pressure, draw in water during drained rest periods 
and therefore offer less resistance to further repeated loading 
(France and Sangrey, 1977). 
2.3.5 Direction of Loading 
The type of loading applied during cyclic triaxial tests is 
often divided into two categories: 
a) one-way, where the cyclic deviator stress is always 
in compression; and 
b) two-way, where the deviator stress is both compressive 
and tensile during each cycle. 
The relative effects of these different loading regimes have 
been studied by a number of researchers. NGI (1975) performed both 
one-way and two-way triaxial tests on plastic Drammen clay. The· 
results presented show that two-way loading had a more severe 
effect on the soil, producing failure in a smaller number of cycles 
at the same cyclic stress amplitude. This would appear to be due 
to the principal stress reversal involved in the two-way loading 
regime. 
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Later, Motherwell and Wright (1978) and Houston and Herrmann 
(1980) studied the effect of a sustained deviator stress. Motherwell 
and Wright kept the sustained deviator stress greater than half 
the cyclic stress amplitude, thus ensuring that the loading was 
always one-way. They found that the total stress level to cause 
failure increased as the sustained stress increased, but that the 
cyclic stress reduced accordingly, Figure 2-6a. Their results were 
confirmed and extended by Houston and Herrmann who were able to 
include stress reversal in certain of their tests. In common with 
the results of NGI (1975) they noted that two-way loading had a 
more severe effect, Figure 2-6b. 
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It has been noted by a number of authors (Takahashi, Hight and 
vaughan, 1980; Fisher, Koutsoftas and Lu, 1976) that during symmetric 
stress-controlled triaxial testing soil samples tend to strain more 
readily in extension and that failure usually occurs as a result of 
excessive strain in extension. Kvalstad and Dahlberg (1980) , 
anticipating such a response, performed two-way tests with a small 
sustained deviator stress to ensure symmetrical strain accumulation. 
Procter and Khaffaf (1984) in a recent paper proposed an 
economical method of finding the critical level of repeated loading 
(CLRL) . They suggested performing one strain controlled test at a 
low strain amplitude. The strain level, if sufficiently low, would 
not cause the sample to fail but would produce a limited decrease 
in shear stress. The final shear stress is taken to be the soil's 
CLRL. Procter and Khaffaf, however, gave no indication either of 
the stress history or the precise loading regime. As noted by Hyde 
and Conn (1987) the CLRL is dependent on the soil's stress history. 
This was not apparent from the data presented by Procter and Khaffaf. 
Nor was any eccentricity of response noted. Andersen et al. (1980), 
who also performed strain-controlled tests, observed that " the 
behaviour is different in compression and extension and a mean 
strain different from zero will develop even if the loading is 
symmetrical". 
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2.3.6 Post-Cyclic Behaviour 
Yasuhara, Hirao, Fujiwara and Ue (1983) and later Yasuhara 
(1985) offer a theoretical argument to suggest that the shear 
strength of a soil subject to repeated loading is reduced and, 
further, that the degree of strength reduction is related to the 
amount of accumulated pore pressure. They suggest, also, that a 
period of drainage after cyclic loading, during which the pore 
pressures have an opportunity to dissipate, will result in a larger 
shear strength, again proportional to the accumulated pore pressure. 
Though quite scattered the experimental data they present support 
the trend if not the precise path of their theoretical relationship 
between strength and cyclic pore pressure. 
Thiers and Seed (1969) proposed that the deterioration in 
shear strength was due to the accumulated strain. They made no 
mention however of the effect of pore pressure or the possibility 
of strength increasing as a result of a period of post-cyclic 
drainage. 
Taylor and Bacchus (1969) also concluded that cyclic strain 
causes a loss in strength and that for strains in excess of 0.5 percent 
a reduction in initial tangent modulus also occurs. 
Motherwell (1976).noted that for samples which did not fail 
under 500 cycles of load in one-way triaxial tests no reduction in 
shear strength was observed. However a considerable increase in 
elastic modulus did occur. Those sampl~s whose cyclic strain 
exceeded 2.5 percent, the failure strain for samples in monotonic 
tests, exhibited a "significant strength loss". In a later paper 
Motherwell and Wright (1978) suggested that those samples which 
suffered a reduced strength in post-cyclic undrained shear would 
have failed under cyclic loading had the tests been extended beyond 
the statutory 500 cycles. 
Andersen, Pool, Brown and Rosenbrand (1980) suggest a general 
decrease in shear strength, again related to the degree of strain 
suffered during cyclic loading. 
Matsui and Abe (1981) found very little undrained shear 
strength reduction but observed that the deformation modulus 
reduced considerably for samples of large OCR (greater than four) . 
Ward (1983), supported by evidence provided by Atkinson and Bransby 
(1978) , observed that, though normally consolidated samples failed 
at the critical state point, overconsolidated samples failed on 
reaching the Hvorslev surface defined by Roscoe, Schofield and 
Wrath (1958) . After a period of cyclic loading the shear strength 
was observed to decrease, though the decrease was largest for 
normally consolidated samples. This does not support the OCR 
dependent response observed by Matsui and Abe (1981) . 
Meimon and Hicher (1980) observed a reduction in shear 
strength dependent upon the disturbance of the clay structure 
created by the cyclic loading, i.e. the permanent axial strain. 
Sangrey and France (1980) studied the effect of cyclic 
loading on undrained shear strength and confirmed the general 
findings of Thiers and Seed (1969) that the reduction in shear 
strength was related to the cyclic shear strain. They found, 
however, that though the general form applied, the response of each 
soil di(fered slightly. They also suggested that the post-cyclic 
shear strength decreased as the applied cyclic stress increased. 
Andersen (1976) found that cyclic loading caused a notable 
reduction in shear strength, particularly if the cyclic shear 
strain exceeded 3 percent. Though illustrated by the results from 
cyclic and monotonic simple shear tests on Drammen clay, Andersen 
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concluded that the reduction in strength is independent of both 
test type and OCR. 
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Castro and Christian (1976) noted no decrease in shear strength 
but observed a modified stress-strain curve during post-cyclic shear. 
They suggested that though cyclic loading will not affect the overall 
stability of a mass it will cause greater deformation. 
Togrol and Guler (1984) also found what they described as a 
"limited reduction" in the shear strength of normally consolidated 
soils. This, they claimed, was because the samples were, in effect, 
overconsolidated after a period of cyclic loading and therefore 
failed at the comparatively lower strengths they observed for over-
consolidated material at the same void ratio. In effect, they were 
attempting to relate strength reduction to cyclic pore pressure in 
a similar fashion to Yasuhara et al. (1983). 
Austin (1979) is alone in suggesting that a period of undrained 
cyclic loading will lead to an increased post-cyclic shear strength. 
2.3.7 Soil Models 
Numerous elasto-plastic constitutive soil models have been 
presented in recent years. All require three primary components: 
a) a yield criterion, generally defined in principal 
stress space by a two or three dimensional surface 
beyond which the soil suffers both elastic and plastic 
strains and within which only elastic strains occur; 
2) a flow rule governing the development of shear strains, 
usually relating them to the vector of applied 
stresses; and 
3) a hardening law, defining the response of the yield 
surface to the changes in stress. 
The simplest, though least accurate, models employ the isotropic 
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hardening law, illustrated in Figure 2-7a. As the stress point moves 
outwards from the space diagonal, the line where a 1 = a2 =a,, the 
yield surface suffers a uniform expansion. An alternative is the 
kinematic hardening law whereby the yield surface translates in 
principal stress space, Figure 2-7b. A further alternative is a 
combination of both isotropic and kinematic yield surfaces, such as 
that employed by Prevost (1977) . 
A major criticism of the simpler elasto-plastic constitutive 
models of Schofield and Wroth (1968) and Lade and Duncan (1975) is 
that by employing an isotropic hardening law they are limited to a 
purely elastic unload-reload behaviour, making them unsuitable for 
predicting cyclic load behaviour (Kavazanjian and Hadj-hamou, 1981). 
The Cam-clay model of Roscoe and Burland (1968) was modified 
further by Carter, Booker and Wroth (1982) to produce a critical 
state model for cyclic loading involving a system of shrinking and 
expanding yield surfaces. The model was taken a step further by 
Overy (1982) with the inclusion of a viscosity parameter. 
A model for overconsolidated soil was developed, based on the 
principle of the Cam-clay model, by Pender (1982). As Pender admitted 
the model was descriptive and nothing new about the behaviour of soil 
could be learnt from its use. It depends, like many other models, 
upon accurate test data - a point emphasised by Scott (1985) during 
the 19th Terzaghi lecture. Scott suggested the accumulation of a 
data base of standard test results against which each new model 
could be checked. 
Scott further noted that the models produced to date fall 
between two extremes - those which require very complicated 
mathematical analyses on easily obtained soil parameters and those 
which apply quite simple mathematical relationships to a much greater 
number of soil constants. The ideal of "parsimony", an economy of 
both concept and constants was encouraged. 
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Certain authors have attempted to describe the behaviour of soil 
under cyclic loading in simpler terms - not by devising a sophisticated 
constitutive model but by attempting to define the soil's pore pressure 
response. Both Egan and Sangrey (1978) and Hyde and ward (1985) 
attempted, with limited success, to produce a pore pressure model, 
based on the critical state concept of Schofield and Wroth (1968). 
Egan and sangrey made use of a memory parameter, which they termed the 
"volumetric strain parameter", for the soil, to produce a model they 
claimed was applicable to the undrained loading of all soil types. 
The model was limited, however, to normally consolidated soil. Hyde 
and Ward (1985) , using data presented by Ward (1983) , produced a 
model based on an analysis of the rate of pore pressure accumulation. 
The main points of the model proposed by Hyde and Ward (1985) 
are illustrated in Figure 2-8. It was found that the pore pressure 
response to cyclic loading, when presented in terms of the rate of 
pore pressure accumulation, was similar to the strain response 
observed by Lashine (1971). When both the pore pressure rate and 
number of cycles were plotted on logarithmic scales a linear 
relationship was shown to exist. Ward found that the gradient of 
this line was constant for a particular stress history and that the 
intercept with the n=l line was linearly related to the applied 
stress level. Knowing the stress history of the soil and the level 
of applied stress the pore pressure rate line can be defined. The 
amount of pore pressure produced between cycle 1 and cycle N can be 
calculated as the area below the rate line between limits of 1 and N. 
The pore pressure produced during the first cycle is taken as the pore 
pressure rate at n=l. Ward observed that failure occurs when the 
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stress path reaches the Hvorslev surface. The position of the stress 
path after N cycles can be drawn in p-q space and its proximity to 
the Hvorslev surface noted. 
Though rather less complicated than most models it was produced 
solely from one-way cyclic triaxial tests on Keuper marl. Its 
applicability to other loading conditions or soils has not been tested. 
2.4 SIMPLE SHEAR TEST 
The philosophy behind simple shear testing is quite straight-
'forward. In an attempt to model plane strain behaviour a thin soil 
sample is placed between two platens, consolidated under k0 conditions, 
and then sheared laterally. Precautions are taken to prevent the 
cross-section deforming during shear. The three devices available 
(Swedish, Norwegian and Cambridge) are described below. 
2.4.1 SGI Device 
The Swedish Geotechnical Institute device, first built in 1936, 
was described by Kjellman (1951) in a paper to Geotechnique. A short 
cylindrical sample, usually 60rnm diameter and 20rnm high, is held 
between two grooved plates and sealed in a rubber membrane. A porous 
stone in each plate allows drainage if desired. To ensure that the 
sample cross-section remains constant it is restrained by a series 
of aluminium rings. 
Since drainage is controlled,cohesive samples can be tested 
more readily than in a shear box. The fact that the area of the 
sample remains constant during shear is a further improvement. 
Kjellrnan admitted, however, that "the inserting of the specimen is 
rather more complicated than in other routine apparatuses". 
2.4.2 NGI Device 
The Norwegian Geotechnical Institute device, described by 
Bjerrum and Landva (1966) , is similar to the Swedish device in many 
ways. The soil sample is again cylindrical, approximately BOmm in 
diameter and lOmm high. The aluminium rings are replaced by a 
membrane reinforced by a spiral of wire. This allows the specimen 
to strain vertically and in simple shear but restrains any change 
in diametera 
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The change in pore pressure during shear is measured indirectly. 
It is assumed that the sample diameter does not change during shear 
and that by holding the sample height constant the volume will not 
change. The drainage tap is left open during shear and the change 
in vertical stress required to keep the sample volume constant is 
taken to be equivalent to the change in pore pressure which would 
occur during a truly undrained test. 
2.4.3 Cambridge Device 
Unlike the two previous devices the Cambridge simple shear 
(Roscoe, 1953) tests square samples, 60mm wide and 20rnm high. The 
apparatus was designed to fit into a standard shear box rig. The 
specimen is placed on the base and the rest of the apparatus is built 
up around it. Sheets of rubber membrane are placed over all the 
surfaces which will come in contact with the soil. The space between 
the membrane and the brass surface of the box is lubricated to 
eliminate friction. 
Roscoe performed. a number of tests to illustrate the more 
uniform strain conditions produced by this apparatus. Though it is 
a marked improvement on the shear box and has a number of advantages 
compared with the previous two devices it is too complicated and 
time consuming to have found much use outside research laboratories. 
2.4.4 Discussion of Simple Shear Testing 
The simple shear test is often viewed in contrast to the 
triaxial test. Whereas the triaxial test controls the principal 
stresses the simple shear device controls the strain conditions, 
leaving the direction and magnitude of the principal stresses 
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largely unknown. Attempts have been made to monitor lateral stresses 
(Floess, 1979) and thereby calculate the principal stresses, but 
little success has been achieved to date. Holtz and Kovacs (1981) 
presented a method of finding principal stresses from the manipulation 
of Mohr's circle. But again, considerable assumptions, such as 
uniformity of sample and stress conditions, are required to reach 
a solution. 
The major questions regarding simple shear testing are: 
1) Is the bulk of the sample subject to plane strain? 
2) If uniform simple shear strain conditions exist is 
it valid to assume that uniform simple shear stress 
conditions exist? 
The stress and strain conditions within a simple shear device 
have been studied by a number of people and a variety of methods have 
been devised for the purpose. Samples have been modelled physically 
(Roscoe, 1953; Wright, Gilbert and Saada, 1978) and mathematically 
by elastic and finite element analyses (Shen, Sadigh and Herrmann, 
1978; Prevost and Hoeg, 1976). 
Samples in a simple shear device are believed to be subject 
to plane strain. There are grave doubts as to whether this belief 
is justified, particularly in the Norwegian and Swedish apparatus. 
In a round sample the shear stress across a horizontal,circular, 
cross-section cannot be uniform since it must always be tangential 
to the circular boundary. 
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As the sample is strained the surrounding membrane must stretch 
due to the applied external force. At the same time the rubber 
should be so rigid that it does not move as a result of its contact 
with the soil. These conditions are not compatible. A further 
criticism is that volume changes of the soil will not be accurately 
recorded as the reinforced membrane is bound to yield under pressure. 
Budhu (1984) observed that at failure in tests on dry sand the 
reinforced membrane retains the soil but maintains a constant 
perimeter rather than a constant diameter. 
Wright et al. (1978) studied the claim of plane strain by 
using the analogy of a cantilever beam of square or circular cross-
section. The analysis was based on elastic theory and the boundary 
conditions differed slightly from those in the simple shear apparatus. 
They found that for a sample of square cross-section plane strain is 
a reasonable assumption. Based on such an assumption Prevost and 
Hoeg (1976) and Roscoe (1953) carried out stress analyses. Roscoe's 
solution shows that at best only the middle third of the sample can 
be considered in a state of plane strain. Large compressive and tensile 
stresses are present on the end platens. Roscoe's solution also 
shows large tensile stresses on the sides, which would seem unlikely 
due to the rigid end flaps of the Cambridge device. 
Wright et al. then turned their attention to specimens of 
circular cross-section. Their elastic solution suggested that 
stresses of the same order of magnitude as those measured during the 
test are present on other planes and are neglected to satisfy the 
conditions of plane strain. 
Lucks et al .. <1972) published a technical note on the stress 
conditions within the NGI simple shear device based on a finite 
element analysis and a Fourier analysis. They came to the doubtful 
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conclusion that "70% of the sample is found to have a remarkably 
uniform stress condition11 • Their analysis was based on the assumption 
of plane strain and elastic deformations. It is likely that stress 
conditions in an actual soil specimen will be considerably less 
uniform. 
In 1978 Shen, Herrmann and Sadigh, on the strength of a finite 
element analysis, concluded that the shear strain state in a simple 
shear specimen is "nonuniforrn and asymmetric" and that this non-
uniformity may significantly affect the dynamic response measurements 
in NGI simple shear tests. 
Shen, Sadigh and Herrrnann (1978) performed a parametric study 
of the stress conditions in the NGI device. For the purposes of the 
study the soil was treated as a linear elastic material. The effects 
of membrane restraint and initial vertical and horizontal displace-
ments were considered. They discovered that a more uniform shear 
strain distribution results from: 
1) small height-diameter ratio, H/D, i.e. the thicker 
the specimen the larger the external moment applied; 
2) soil modulus ratio of unity, i.e. as the soil modulus 
approaches that of the membrane, conditions become 
more uniform; 
3) large shear strains, overcoming the initial consolidation 
strain; 
4) low Poisson's ratio, i.e. smaller lateral strain and 
therefore smaller initial consolidation strain; and 
5) greater membrane reinforcement, i.e. increased lateral 
resistance and therefore smaller lateral strain. 
Vucetic and Lacasse (1982) suggest that the height to diameter 
ratio has no significant effect; nor does the stiffness of the 
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reinforcement. They conclude that a theoretical elastic analysis 
presents a pessimistic view of the expected influence of non-
uniformities, though they accept that sample configuration and 
testing methods inevitably lead to stress and strain non-uniformities. 
Airey and Wood (1984) disagree. In discussion of the above 
paper they presented results from tests on heavily instrumented 
circular specimens. Of the three types of material tested only the 
clay, kaolin, behaved uniformly in terms of normal stresses. Shear 
stresses were significantly non-uniform in all cases. This non-
uniformity resulted in an under-prediction of the maximum shear 
stress, i.e. the shear stress at the sample's core. They suggested, 
also, that the thickness of the membrane has an effect on the shear 
strength of the material, by carrying a proportion of the vertical 
load and reducing the horizontal shear strength accordingly. 
Duncan and Dunlop (1969) studied the stress conditions of a 
sample in a Cambridge device, by means of finite elements. Non-linear, 
anisotropic soil stress-strain properties were employed in the hope 
of obtaining greater accuracy of results. They found that though 
simple shear strain conditions were imposed, non-uniform stress 
conditions resulted from the fact that complementary stresses were 
not applied at the ends of the specimen. The authors went on to 
propose that failure in simple shear is not uniform but is progressive, 
as shown in Figure 2-9. Failure begins near the ends and spreads 
towards the centre until at 10% s~rain only a small stable region 
exists around the edges of the specimen. 
Saada (1984) discussed the major criticisms of the simple shear 
device. The points mentioned included 
1) that the reinforced membrane does not ensure k0 
conditions; 
2) that substantial non-uniformities exist in normal 
and shear stresses; 
3) that there is no theoretical or experimental evidence 
in support of the equivalence between "constant volume" 
and undrained tests; and 
4) that tests performed by the "constant volume" method 
are not performed undrained. 
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Vucetic and Lacasse (1984), in reply, presented the results of 
triaxial tests to support the equivalence of "constant volume" and 
truly undrained tests. However, the work of La Rochelle (1981) shows 
clearly that the behaviour of soil in the simple shear and triaxial 
devices is not directly comparable. 
Apart from elastic and finite element analyses the states of 
stress and strain in the simple shear device have been investigated 
using physical models. 
Roscoe (1953) used striped plasticine samples to illustrate 
how soil samples would strain in a Cambridge device. The shear 
patterns produced, Figure 2-10, confirm that the simple shear device 
causes the sample to deform more uniformly than the shear box. The 
question of the validity of using plasticine to model soil was left 
undiscussed. 
Wright et al. (1978) used a method of photoelasticity to study 
soil sample behaviour. When certain materials are loaded their index 
of refraction changes in proportion to the imposed stresses. If an 
annealable material is used the stressed sample can be heated and 
cooled, thus "locking the stresses". When beams of parallel light 
are directed at the material the results, viewed through a polari-
scope, are a representation of the stresses imposed on the material. 
Tests were performed on both square and circular samples. The 
authors showed that both types of simple shear device showed con-
siderable variation of shear stress across the sample. The variance 
was minimum at the centre and increased towards the periphery. In 
addition the transverse stresses were shown to be significant in 
the NGI device. 
In summary, the studies carried out to investigate the simple 
shear devices agree that though a simple shear state of strain may 
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be imposed this does not necessarily lead to a simple shear state of 
stress. The degree of non-uniformity observed varies from writer to 
writer. The Cambridge device would appear to perform slightly better, 
in terms of uniformity of applied stresses, than the NGI and SGI 
devices, though it is more complicated and time consuming to use. 
2.4.5 Comparison of Simple Shear and Triaxial Tests 
Few people have attempted to correlate the results from simple 
shear devices with those from triaxial tests. 
An early attempt was made by Thiers and Seed (1969) . They 
performed a series of tests on both apparatus. Noting the angle 
of failure of the triaxial samples they attempted to relate the shear 
stress on the failure plane of samples in both types of device, 
Figure 2-lla. It can be seen that the results for simple shear are 
constantly below those for triaxial conditions, which agrees with 
the findings of Ladd and varallyay (1965) and Bjerrum and Landva (1966) • 
In an attempt to induce failure along a surface which would be 
horizontal in situ a number of samples were trimmed at an angle. A 
certain amount of agreement was observed, Figure 2-llb. 
Figure 2-12 shows the results of cyclic simple shear and 
triaxial tests (both vertical and inclined). Again, some agreement 
is noticeable. Unfortunately, Thiers and Seed were unable to find a 
similar agreement for the stress-strain curve in each test. 
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Budhu (1984) reasons that the differences observed during simple 
shear and triaxial tests on sand can be partially explained when the 
a, quantity is considered. He refers to Pande and Sharma (1980) to 
support the thesis that a lower collapse load and flatter stress-
strain response are expected when rotation of principal stress axes 
occurs. The work of Thiers and Seed and Budhu support· the assertion 
of Bjerrurn and Landva (1966) that the strength of a soil depends upon 
its mode of failure. 
MATERIAL 
Newfield 
Clay 
London 
Clay 
Keuper Marl 
Lacrustine 
Clay 
Dramrnen 
Clay 
Silty Clay 
Kaolinite 
Kaolinite 
Keuper Marl 
Concord 
Blue Clay 
Kaolinite 
Bentonite 
Pacific 
Herni-Pelgic 
Keuper Marl 
Derwent 
Clay 
TYPE OF 
LOADING 
One-way 
Triaxial 
One-way 
Triaxial 
CRITICAL 
LEVEL 
0.67 q'rnax 
0.67 q'max 
One-way 0.75 q'rnax 
Triaxial 
One-way 0.37 q'rnax 
Triaxial 
Two-way ±0.33 q'rnax 
Simple Shear 
Two-way 
Triaxial 
One-way 
Triaxial 
Triaxial 
One-way 
Triaxial 
Simple Shear 
One-way 
Triaxial 
Triaxial 
One-way 
Triaxial 
>0.9 q'rnax 
0.6 q'rnax 
0. 7 q'rnax 
0.92 q'rnax 
0.91 q'rnax 
0.25 q'rnax 
0.15 q'rnax 
0.8 q'max 
0.96 q'rnax 
0.64 q'max 
±0.23 q'max 
0.5 q'rnax 
0.55 q'rnax 
0.7 q'rnax 
COMMENTS 
Strain con-
trolled tests 
OCR 1, 5 Hz 
1/120 Hz 
Strain and 
stress con-
trolled, 
1/10 Hz 
1/20 and 
1/10 Hz 
One-way 
0.7 q'max 
sustained 
OCR 1 
OCR 2 
1/10 Hz 
One~way 
Two-way 
OCR 1 
OCR 4 
OCR20, 1/10 Hz 
Two-way 
Triaxial 
±0.25 q'max 1/5 Hz 
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REFERENCE 
Sangrey, Henkel 
and Esrig (1969) 
Parr (1972) 
Lashine (1973) 
Wilson and 
Greenwood (1974) 
Andersen (1976) 
Castro and 
Christian (1976) 
Motherwell (1976) 
Motherwell and 
Wright (1978) 
Austin (1979) 
Floess (1979) 
Hicher (1980) 
Houston and 
Herrrnann (1980) 
Ward (1983) 
Procter and 
Khaffaf (1984) 
Table 2-2 Critical Level of Repeated Loading 
39 
~ =!500 OOOkN 
AI ~ e 0 ....__ Simple Triaxlal c:::::::J shur Trialflal tut ten _ test 
Design forces for· a typical gravity p!htform. 
FIG.2-1: AFTER SCHJETNE ET AL ( 1979) 
Critical slate 
'Hvorslev' surface 
J:!... required for failure 
p~ 
initial position 
of stress path 
Pore pressure required for failure. 
FIG. 2-2: FROM WARD ( 1979) 
applied 
stress path 
0. 
;M~EOIAiE 
STRAIN 
N•l : ! 
-Le,mcJC 
, e, 
i AT ENO 
; OF 
j STORM 
I 
b. 
Ye,. 2.1"/• Ai END CF SiO~M _ 
' i '~~-~Pi~3..C.~E-~~c~€s 
''----'---'- u 0.2'!-""'""-+----t----~-----j u- -:t 0.\C'J.. 
0 
u 
~ 0.1 
2 J 0.0'~1----l:------,t,------;::"::----;10;;-00;,!0 10 lOO IOOJ 
Ye 1"/.1 NUM_SER OF CYClES, N 
STRAIN CO~TOIJ/t DIACiRAM SHOWit;G DI::VCLC'•F'Ml"NT OF CYCLIC SIIEM STRAIN 
~UE TO SiORM LOAOISG, 
l.C 
c. 
IMME:JIAiE ST~P·"···:·:"······· ;--
... ····! ,......"'\SiATIC LOAQ:}jG 
.. ·· / 
: ~···· .. ,. / 
' i 
.• / // SiORM lOA::Ji!\G -/-/~::::?~~_:;::;:;;~ 
,// ~ 
... ; 
~ 
w 
> 
wO.S-
~ 
I i I i ! 
I. I I ; : -, , I , /· -··- : _________ i---·----1--- -~---
/ I 
·I 
't 
" ;; 
u ,_ 
u 
~ 
u 
1-----·--L ___ , ___ ! __ __ 
. . 
CYCLIC SHEAR SiRA!N, Ye I'/.) 
$71\ESS-STRAlN CURVE FOil ACCU~ULATED STOR:-1 
LCAOING COMPARED WITH STATIC AND I~Y.EDIATE STRAIN CURVE, 
FIG. 2-3: STRAIN ACCUMULATION METHOD 
(Foss et al. 1978) 
40 
-5 ~ 10 
QJ 
.... 
~ -6 
10 
c 
·;;; 
<... 
.... 
Vl 
107 Ul 
N to Failure 
® N to Equilibrium 
108~--~----~----~@~1--~~®~~ 
10 2 10 3 104 105 106 107 
N 
FIG. 2-4: STRAIN RATE VERSUS NUMBER 
OF CYCLES. ( after Lashine, 1973 ) 
lOO 
·~ 
~ 90 
\,-so 
(/) 
~GO-
a: 
... 
"'so 
..J 
<t 
x4o 
<t 
~30 
;:: 
u 
~ 20 
u. 
w 
I ~c lscflopic 57 psi 
11 NC Anisotropic 
Ill OCR • 2 
IYOCR•4 
10 ro 30 ~ so w ro ao go oo 
EFFECTIVE RADIAL STRESS a;' yr pd 
Equilibrium lines for \'a.rious consolidation histories. 
41 
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FIGURE 2-6b: LOADING COMBINATIONS AND CYCLES 
TO FAILURE 
(Houston and Herrmann, 1980) 
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FIGURE 2-11: COMPARISON OF STRENGTHS IN TRIAXIAL AND 
SIMPLE SHEAR TESTS 
(Thiers and Seed, 1969) 
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CHAPTER THREE 
TESTING PROGRAMME 
3.1 INTRODUCTION 
An object of the research was t6 study more closely the tests 
used to model the effect of repeated wave loading on the soil below 
an offshore gravity structure. A purely elastic analysis of the 
stress regime in operation in the foundation soil (Poulos and oavis, 
1974), assuming the classical, undrained value for Poisson's ratio, 
v, of 0.5, suggests the solutions presented in Figure 3-1 for the 
centre and edges of a rectangular base. The stresses at the centre 
may reasonably be modelled by a plane strain or simple shear device, 
although the varying isotropic load, due to the weight of waves 
travelling overhead, is generally disregarded in laboratory tests. 
At the edges, the stress regime is rather more complicated and no 
test apparatus in use at present, with the possible exception of 
the Cambridge true triaxial device (Roscoe, 1969) , could reasonably 
apply such a combination of stresses. 
In view of the assumptions implicit in an elastic analysis 
i.e. perfectly elastic soil response, homogeneous soil mass, ideal 
undrained Poisson's ratio of 0.5 (Bishop and Hight, 1977), it was 
felt that the stress system could be reasonably simplified without 
any significant loss of accuracy. A simplified arrangement of 
stresses suggested by Andersen et· al., 1976, and illustrated in 
Figure 3-2, is most widely accepted in current offshore design 
practice. Under this arrangement the stress regime at the edge of 
the foundation is represented by two-way cyclic triaxial tests and 
that at the centre is thought best modelled by cyclic simple shear 
tests. A programme was therefore devised involving both two-way 
cyclic triaxial and cyclic simple shear tests, with the following 
aims in mind: 
a) to study the behaviour of a silty clay under two-way repeated 
loading in both the triaxial and simple shear devices; 
b) to study the effect of the stress history on the soil's 
behaviour; and 
c) to investigate the possibility of presenting the results from 
the two types of test in a coherent principal stress framework. 
3.2 MONOTONIC TRIAXIAL TESTS 
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All triaxial samples were isotropically consolidated to various 
stress histories. Two series of monotonic tests were performed on 
samples, 38mm diameter, 76mm tall, at a rate of 0.04 mm/min. 
(approximately 3.33% per hr.). Since pore water pressure (pwp) 
was measured at the base of the sample, a rate of strain was chosen 
which was sufficiently slow to allow pwps to equalise throughout 
the sample's height, (Bishop and Henkel, 1962). 
The first series involved monotonic compression tests on 
samples of various overconsolidation ratios (OCRs) . The second 
series involved extension tests on samples with a similar range of 
stress histories, Table 3-1. 
The results from these series of tests were used to define 
the complete critical state boundary surface and to obtain the 
critical state parameters for the Keuper Marl under investigation. 
It was hoped that the critical state theory would provide a suitable 
framework within which to present both the triaxial and simple shear 
results. 
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3,3 TWO-WAY CYCLIC TRIAXIAL TESTS 
To investigate the effects of cyclic loading at the edge of 
the foundation, Figure 3-2, a series of two-way cyclic triaxial 
tests were performed on samples of OCR l, 2, 4 and 10. All samples 
were preconsolidated to a maximum isotropic effective consolidation 
pressure of 500 kPa with a back pressure of 200 kPa. Samples were 
overconsolidated by increasing the back pressure and keeping the cell 
pressure constant at 700 kPa. The OCR was defined as the ratio of 
the maximum effective preconsolidation pressure and the final 
effective pressure. 
All the cyclic tests were stress controlled and the applied 
stress levels, quoted in Table 3-2, have been normalised with respect 
to the equivalent pressure, Pe• the pressure on the normal con-
solidation line of a sample of the same specific volume. Studies 
of wave spectra for areas in the North Sea suggest that ten seconds 
is a reasonable value to take for the average wave period. The 
tests were therefore performed at a frequency of 0.1 Hz. 
3.4 MONOTONIC SIMPLE,SHEAR TESTS 
A simple shear device, designed by Marshall Silver on the 
same principle as the NGI device was made available during the 
research period by McClelland Limited, Harrow. 
During the course of the research programme the equipment 
underwent further development. The alterations to the device are 
described in detail in Chapter 4. The most important development 
was that a miniature pore pressure transducer was installed in the 
top platen of the device. As a result the pwp could be measured 
directly. Unfortunately the pore pressure transducer was not 
available for the early tests. These were performed by the original 
method of holding the sample height constant, running the tests under 
drained conditions and regarding the measured change in vertical 
pressure as equivalent to a pore pressure change, (Bjerrum and 
Landva, 1966). Tests of this type are annotated CVH in Table 3-3. 
The device imposes an anisotropic, or k0 , stress system on 
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the sample under test. Most samples tested were normally consolidated, 
though a small number of tests were performed on lightly over-
consolidated samples., In all tests an instrumented membrane was 
used to monitor changes in the lateral stress. This information 
was used in an attempt to calculate the principal stresses present 
during simple shear in order that the test results might be presented 
in a form similar to the triaxial results. 
Since the samples tested were smaller than those tested in 
the triaxial device (12mm tall, 67mm dia.) a shorter time was 
required to allow pore pressure equalisation. Therefore the tests 
could be run at a faster strain rate. The rate chosen was 5.5% per 
hour. 
3.5 CYCLIC SIMPLE SHEAR TESTS 
In order to study the behaviour of the soil below the centre 
of a gravity foundation subject to repeated loading a series of 
cyclic simple shear tests were performed, Table 3-4. The samples 
were consolidated under k0 conditions and tested undrained at a 
frequency of 0.1 Hz. The cyclic stress levels are quoted as ratios 
of the undrained monotonic shear strength, Tf• determined using the 
simple shear apparatus. 
The aims of this series of tests were: 
a) to observe the behaviour of Keuper Marl under repeated loading 
in simple shear stress conditions; 
b) to study pore pressures and strains accumulated during repeated 
loading; and 
c) to attempt to present the simple shear behaviour in the same 
framework as the triaxial results in order to simplify the 
analysis methods for offshore structures. 
3.6 POST-CYCLIC BEHAVIOUR 
Those samples which survived 10000 cycles of loading in both 
devices were subsequently brought to failure under monotonic loading. 
Any loss of shear strength or stiffness due to the repeated loading 
would then have been observed. The post-cyclic tests performed have 
been included in the tables of monotonic tests, Tables 3-1 and 3-3. 
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Final 
Test Number Consolidation OCR Test Type 
Pressure, Pfinal 
MCNOl-4 500 1 Compression 
MC201 250 2 " 
MC401,2 125 4 " 
MCX01,2 50 10 " 
TENOl-5 500 1 Extension 
TE201,2 250 2 " 
TE401,2 125 4 " 
TEX01,2 50 10 " 
N2RTC 500 1 Post-cyclic Compression 
N4RTC 500 1 " 
N5RTC 500 1 " 
203TC 250 2 " 
207TC 250 2 " 
405TC 125 4 " 
407TC 125 4 " 
408TC 125 4 " 
X03TC 50 10 " 
X05TC 50 10 " 
Table 3-1 Monotonic Triaxial Tests 
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Test Number OCR Repeated deviator Pe,kPa 
stress,qc/Pe 
NlR 1 ±0.25 500 
N2R 1 ±0.19 " 
N3R 1 ±0.3 " 
N4R 1 ±0.155 " 
N5R 1 ±0.1 " 
N6R 1 ±0.35 " 
N7R 1 ±0.233 " 
201,2 2 ±0.22 450 
203 2 ±0.15 " 
205,6 2 ±0.18 " 
207 2 ±0.13 " 
404 4 ±0.19 360 
406 4 ±0.16 " 
407 4 ±0.15 " 
408 4 ±0.1 " 
409 4 ±0.2 " 
410 4 ±0.25 " 
XOl 10 ±0.25 250 
X02,4 10 ±0.22 " 
X03,5 10 ±0.1 " 
X06 10 ±0.17 " 
X07 10 ±0.15 " 
Table 3-2 Two-way Cyclic Triaxial Tests 
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Test Number 0~(max) OCR Test Type 
SSl 144 1 Undrained Shear 
SS2,3 144 1 CVH 
SS4,5 192 1 CVH 
SS6,7 192 1 Undrained Shear 
SSS,ll 192 1.92 " 
SS9,10 192 3.84 " 
SS12-14 192 1 " 
SS15-17 192 1 Post-cyclic Shear 
SS20-2l 192 1 " 
SS23 96 1 Undrained Shear 
SS24 144 1 " 
Table 3-3 Monotonic Simple Shear Tests 
Test Number Repeated Shear 
Stress Tcyc;Tf 
CSS1,2 0.2 
CSS3 0.3 
CSS6,7 0.4 
CSS8,9 0.5 
CSSlO 0.45 
CSSll 0.55 
CSS12 0.6 
CSS13 0.35 
Table 3-4 Cyclic Simple Shear Tests 
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FIGURE 3-2: SIMPLIFIED STRESS SYSTEM 
(after Andersen et a1,1979) 
CHAPTER FOUR 
DESCRIPTION OF EQUIPMENT 
4.1 INTRODUCTION 
The testing programme involved compression and extension 
and two-way cyclic triaxial tests. Though the compression tests 
were performed using conventional equipment, modifications were 
necessary to enable the extension and two-way cyclic tests to be 
performed. The simple shear device was developed to allow direct 
pore pressure measurement. An attempt was also made to measure 
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the lateral stress during shear by means of an instrumented membrane. 
4.2 TRIAXIAL TEST EQUIPMENT 
4.2.1 Compression Machine 
A Shape Model 5000 Stepless Compression Test Machine was used, 
Plate 4-1. It had four digital gauges which gave a direct reading 
of platen movement, pore pressure, deviator load and sample displace-
ment. It was also equipped with three output sockets which allowed 
the transducer signals to be transmitted to peripheral devices, 
e.g. an A-D Converter or u-v Oscillograph. 
An auxilliary air water cylinder, with a Budenberg test gauge 
fitted, was set up next to the compression machine. When connected 
to the triaxial cell, next to the pwp transducer, it ensured that the 
pwp digital display was correctly zeroed and calibrated before each 
test. It also offered the ability to include drainage periods in 
the test programme. 
4.2.2 Two-way Loading Arrangement 
The triaxial equipment arrangement is presented schematically 
on Figure 4-1. 
; 
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Plate 4-1: ComRression Test Machine 
The waveform considered appropriate to offshore foundation 
design is sinusoidal and of frequency 0.1 Hz. A sine wave of 
period 10 secs. was supplied by a Farnell waveform generator, 
Plate 4-2, through a signal conditioning unit, to an electro-
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pneuma tic converter (EPC) . The EPC had an input range of 0 - 500 mA 
with a directly proportional output range of 0 -lOO psi (0- 700 kPa) . 
The conditioning unit allowed adjustment of the amplitude and offset 
of the incoming signal so that the signal output to the EPC was of 
a suitable range. The pneumatic signal output from the EPC was as 
shown in Figure 4-2 and was fed into the top port of the actuator. 
A constant pressure signal was fed into the lower port with the net 
result that the actuator could apply a push-pull action to the 
triaxial cell loading ram. A digital timer was connected to the 
waveform generator to ensure that the signal frequency did not 
drift. A counter was attached to the signal conditioning unit to 
record the number of cycles applied. 
The zero offset on the conditioned signal, P0 on Figure 4-2, 
could be adjusted independently of the waveform amplitude Pc and 
allowed a constant compressive load to be applied to compensate 
for the effect of cell pressure on the ram. 
The simple clamping arrangement shown on Plate 4-3 allowed 
the loading ram to be fixed and the required loading to be built 
up without disturbing the sample. A double-acting Alpha load cell, 
calibrated in compression and extension, was fixed to the end of 
the actuator piston. The load cell output was displayed on a digital 
voltmeter. The connector was attached to the bottom face of the 
load cell and was secured to the cell ram by four grub screws which 
seated in a groove at the top of the ram. 
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Plate 4-3,Loading Ram ClamP-_ 
It must be noted that no precise allowance could be made for 
friction in the cell top bush while the ram was clamped. Therefore, 
once the clamp was undone, a small adjustment had to be made to the 
applied load during the first few cycles in each test. 
4.2.3 Triaxial Cells 
All triaxial samples tested were 38mrn diameter and 76mrn tall. 
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A number of cells were increased in height to accommodate the larger 
top platen arrangement necessary for two-way cyclic tests, Section 
4.2.4. The top and bottom platens used were 44.5mrn diameter to 
reduce the adverse effects of end restraint discussed by Rowe and 
Barden (1964) . 
The cells were equipped with Imperial College internal load 
cells. Shape Instruments diaphragm-type pore pressure transducers 
attached to the cell bases monitored the pore pressure at the base 
of the samples. The sample deflection was measured by displacement 
transducers attached to the loading ram and bearing on the top 
surface of the cell. 
The bottom pedestal arrangement is shown in Figure 4-3. 
Four radial grooves were intersected by a circular groove running 
to two drainage holes, one of which was connected to a pwp trans-
ducer. The bottom platen, containing a PTFE filter disc, was 
located by four pins on the top surface of the pedestal. 
4.2.4 Top Platen Assembly 
A method was devised whereby triaxial samples could be 
isotropically consolidated and then "pulled" to failure. The 
arrangement used is shown in Figure 4-4 and Plate 4-4. It consisted 
of three perspex pieces. Part C was used as the top platen during 
the setting up procedure. Part B was screwed into place with care 
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Plate 4-4: Triaxial Cell Assembly_ 
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taken that the attached tubing, running to the top drainage port in 
the cell base, did not touch the sides of the sample. Part A was 
attached to the bottom of the internal load cell. When the triaxial 
cell was assembled and filled Parts A and B were kept apart. Once 
the cell pressure was applied at the start of the consolidation 
stage the ram and attached load cell were forced to the top of the 
cell. The sample was thus consolidated isotropically. Prior to 
shear the ram was pushed down until Part A came into contact with 
Part B. Though the cell pressure was generally sufficient to 
maintain the connection during the tests, a vacuum pump was attached 
to the top drainage tap to improve the seal when necessary. 
4.2.5 Volume Change Apparatus 
The samples were consolidated isotropically in the cells 
under a known cell pressure and against a pre-determined back 
pressure. The back pressure was supplied through an air-water 
cylinder filled with de-aired distilled water. A paraffin-water 
volume change column was connected between the cylinder and the 
cell to allow the amount of water leaving the sample during 
consolidation to be measured. 
The change in the sample's height was measured using a dial 
gauge attached to the loading ram during the consolidation stage. 
The ram was brought down in contact with the top platen before and 
after consolidation. The change in dial gauge reading and the 
measured change in volume were used to estimate the change in 
sample diameter. 
4.2.6 De-airation Board 
It was very important to ensure that the base and the pore 
pressure transducer were completely free of air before the sample 
L---------------------------------------------------------------------------~-----J 
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was set up. The board, shown schematically on Figure 4-5, was 
used to check for the presence of air pockets. It works on the 
principle that, under pressure, air will compress while water will 
not. Pressure was applied by means of the screw pump, B, to a 
constant volume of water. If a trapped air pocket was compressed 
when valve G was opened, with H kept closed, then a drop in pressure 
was registered. The Budenberg test gauge was used initially to 
register reasonably large changes in pressure. As air was flushed 
from the system the drop in pressure decreased until it was possible 
to use the mercury column to measure the pressure change. 
4.2.7 A-D Converter 
An eight channel, 12-bit, analog-to-digital converter, 
Plate 4-2, was used with the Shape compression machine. It received 
the analog signals from the transducers and translated them into 
a digital form compatible with the computer. The eight channels 
allowed up to eight transducers to be read in series. The input 
voltage range of each channel was set to match the transducer 
output range and the 12-bit resolution meant that the full range 
of each channel was transmitted to the computer as a digital signal. 
of 4096, i.e. 2 12 • 
The device was used to monitor all the triaxial tests and 
allowed the transducer readings to be recorded on computer floppy 
disk. 
4.2.8 Micro-computer 
A Commodore PET 8032, 32k micro-computer was interfaced 
with the compression rig through the A-D converter. Peripherals, 
such as a disk drive for data storage and a line printer and 
digital plotter for data presentation, were also available. 
·, 
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Software was developed to monitor monotonic and cyclic triaxial tests 
and to process data from both triaxial and simple shear tests. 
4.3 SIMPLE SHEAR EQUIPMENT 
4.3.1 The Simple Shear Device 
The simple shear device made available by McClelland Limited, 
Figure 4-6, is based on the NGI simple shear apparatus discussed in 
Chapter Two. The soil samples, 66.17mm diameter and 12.6mm high, 
were held between aluminium platens, machined with concentric grooves 
2.5mm wide spaced 2.5mm apart, Plate 4-5. The samples drained 
through a saturated porous plastic (PTFE) disc set in the bottom 
platen, F, to a burette mounted next to the device to allow volume 
change measurement during consolidation. The change in sample height 
during consolidation was measured by use of a dial gauge attached to 
the underside of the crosshead and bearing on a plate attached to the 
bottom platen. This allowed not only an accurate measurement of 
sample height, since the dial gauge could be zeroed by setting both 
platens face to face, but also eliminated error due to top platen 
deflection. The volume change and height change readings enabled 
estimates to be made of the diametral change during consolidation. 
A pore pressure transducer was initially attached to the 
drainage line but was found to give little response. It was 
therefore removed and replaced by a miniature pwp transducer set in 
the centre of the face of the top platen, Figure 4-7. A tap was 
connected to the bottom platen so that the smallest possible water 
volume was left between sample and tap to reduce the possibility of 
trapped air affecting the pore pressure readings. 
Vertical load was applied to the sample by a piston inside the 
box acting on a crosshead through the rods, G, at each side. 
The maximum vertical load which could be applied to the sample 
was 1600N, limiting the maximum vertical consolidation pressure 
to 465kPa. The vertical load was measured by a load cell, J, of 
capacity 2224N (500lb) set below the bottom platen. 
Horizontal shear load was applied either by a worm drive 
motor, I on Figure 4-6, for monotonic tests or by a pneumatic 
actuator attached to an electro-pneumatic converter for cyclic 
tests. The horizontal load was measured using a double acting load 
cell. The cell was calibrated in compression and the calibration 
factor was taken to be the same in both compression and tension. 
During monotonic tests the samples were loaded such that the load 
cell was always in compression. 
Horizontal displacement was measured using a linear variable 
differential transformer (LVDT) mounted on the end of the box and 
bearing on a plate attached to the bottom platen. A dial-gauge 
was mounted alongside to give a more easily read, though not quite 
so accurate, indication of displacement. 
For constant vertical height (CVH) tests the crosshead was 
clamped to the uprights, B. 
The air pressure to the horizontal and vertical pistons 
was controlled by the two regulators on the front panel. 
4.3.2 De-airing Block Arrangement 
In order to de-air and calibrate the miniature pwp transducer 
the device shown in Figure 4-8 was developed. An aluminium block, 
Plate 4-5, with a circular cavity and an 0-ring seal was held 
against the end of the top platen by two end plates. The cavity, 
now containing the pwp transducer, was filled with water from a 
pressurised water supply. Trapped air was removed through the 
air bleed. 
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To first saturate the transducer stone a large syringe was 
connected to the water supply port. This allowed a negative pressure 
to be applied to the water in the cavity, drawing air out of the 
transducer. When a positive pressure was applied, again using the 
syringe, water replaced some of the air drawn out. Saturation was 
assumed when this action had been repeated a number of times. The 
calibration stage was performed by attaching a triaxial back pressure 
supply to the water supply port. The change in transducer output 
was recorded for each change in water pressure. If the relationship 
obtained was not linear the syringe was reconnected and the 
saturation stage repeated. When a linear relationship was observed 
between the transducer output and the water pressure, saturation 
was confirmed and the calibration factor noted. 
4.3.3 Instrumented Reinforced Membrane 
In the simple shear device the sample was restrained 
laterally by a reinforced membrane. A spiral ofConstantanwire, 
O.lSmm diameter, at a spacing of O.Smm was encased in the middle 
30mm of the membrane. In theory, as the wire is stretched slightly 
its electrical resistance will change. This principle was used as 
the basis of a lateral stress measurement device. A major assumption 
was made that the change in diameter of the sample was negligible 
although its effect on the resistance of the wire was measurable. 
A Wheatstone bridge circuit was constructed using the middle 
third of the reinforcement as a variable resistance. Tests were 
performed to check the linearity of the response. With an applied 
bridge voltage of 2 volts the output was in the order of hundreds 
of microvolts. Figure 4-9 shows the bridge circuit and Figure 4-10 
the results of the initial calibration tests. 
The leads were attached to the membrane reinforcement by 
scratching off the latex surface and carefully soldering a fine 
gauge wire in place. The connections were then sealed in silicon 
rubber, Plate 4-5. 
At McClelland's laboratory a digital transducer indicator 
was calibrated to output readings of lateral stress directly in 
kiloPascals (kPa). 
In order to eliminate environmental effects a control sample 
was set up next to the test sample in later tests. This consisted 
of a soil sample between two dummy aluminium platens and encased 
in an identical calibrated rubber membrane. Any fluctuations in 
voltage in the control sample were taken to be a result of 
environmental phenomena, e.g. temperature, humidity, and deducted 
from the readings taken on the test membrane. Since the laboratory 
was a controlled environment the fluctuations observed during the 
tests were minimal. 
4.3.4 Membrane Calibration Block 
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A back pressure supply was connected to the device at point A, 
Figure 4-11. The a-rings which hold the inner membrane in place 
were set in grooves to keep the diameter of the assembled block 
constant. The inner membrane diameter was slightly larger than 
that of the reinforced membrane to ensure that the pressure applied 
acted on the reinforcement and was not used to stretch the inner 
membrane. The reinforced membrane, with its inner surface greased, 
was placed over the block and held by a number of 0-rings. The 
cavity in the block was then filled with water. Air was bled out 
at point B. llhen all the air in the block had been removed the 
air bleed screw was tightened and calibration was begun. 
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The range over which the membranes could be safely calibrated 
was 0-150 kPa. Above this pressure the latex between the reinforce-
ment bulged. 150 kPa was taken as the lateral stress working limit. 
This, in turn, limited the vertical load to around 300 kPa assuming 
a K0 value for the soil of 0.5. 
4.3.5 Digital Transducer Indicators (Digigages) 
These were simply digital voltmeters with a small modification 
which enabled them to display a voltage output directly equivalent 
to the parameter measured by the transducer. The calibration factor 
of each transducer was checked before each series of tests. 
4.3.6 Waveform Generator 
As with the triaxial equipment a waveform generator was used 
to supply a signal, normally sinusoidal, to an electro-pneumatic 
\ converter. 
4.3.7 Multichannel Transducer Control 
This device was used to output a bridge voltage to the 
horizontal and vertical load transducers and input the signals 
from them for transmission to other devices, e.g. plotters. 
4.3.8 Chart Recorder 
A three channel chart recorder was set to plot horizontal 
and vertical loads and horizontal displacement during the tests. 
It was fed with graph paper and calibrated carefully before each 
series of tests so that its plots could be used as records of the 
sample behaviour. 
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4.3.9 X-Y Plotter 
This device was used to plot horizontal load in the Y-direction 
and displacement in the X-direction. Since the sample cross-section 
and height, in theory, remain constant during a CVH test the plotter, 
in effect, produced stress-strain curves for the samples tested. 
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CHAPTER FIVE 
EXPERIMENTAL PROCEDURE 
5.1 INTRODUCTION 
Monotonic triaxial compression tests were carried out using 
the techniques already described in ward (1983). These tests were 
followed by a programme of monotonic extension and two-way cyclic 
triaxial tests. A further programme of bcth monotonic and two-way 
simple shear tests were performed using equipment in the labcratory 
of McClelland Limited. 
5.2 REMOULDING PROCEDURE 
Air-dried Keuper Marl in powder form was mixed with de-aired 
distilled water to a slurry of approximately twice the material's 
liquid limit. When the mixture reached an homogeneous state it 
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was poured into a lOOmrn diameter stainless steel consolidation tube, 
Figure 5-l. The slurry was consolidated one-dimensionally under a 
light vertical stress of 30 kPa for a period'of at least three days. 
This value of vertical stress was chosen because the resulting soil 
sample was sufficiently stiff to be handled but the stresses imposed 
were not large enough to affect the subsequent isotropic consolidation 
stresses. 
When the slurry consolidation stage was complete the soil, 
when intended for triaxial tests, was extruded into three stainless 
steel thin walled sample tubes of 38rnrn internal diameter. The ends 
of the tubes were sealed with wax to prevent the samples drying 
before use. Material for the simple shear tests was extruded into 
U4 tubes. Again, the ends of the tubes were sealed with wax. 
5.3 TRIAXIAL SAMPLE PREPARATION 
Prior to extrusion of the sample from the thin walled tube 
the cell base had first to be prepared. A plastic trough with an 
0-ring seal was placed on the base around the pedestal and filled 
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with freshly de-aired water. A pore pressure transducer was connected 
to the base. A lead from the de-airing board, Figure 4-5, was 
connected to the transducer and the system was flushed through with 
de-aired water from reservoir A. With valves D and J open, and the 
rest closed, water was drawn into pump B. Valves D and J were then 
closed and c and K opened. Ensuring that block F was in a position 
such that the mercury was lying level and did not obstruct the path 
of water from c to G the water pressure was increased by pump B. 
Valve G was opened and the drop in pressure, indicating the presence 
of air, was noted. Valve H was then opened allowing both water and 
air to be expelled into the trough. 
This process was repeated until the drop in water pressure 
was negligible on opening G. A further check was IDade by observing 
the movement of a mercury column in block F. 
When the base was de-aired the board was disconnected and the 
back pressure lead was then attached at valve G. To ensure that no 
air was trapped during the connection a small back pressure was 
applied which caused a flow of water from the back pressure lead. 
Taps G and H were opened to let water flow from the trough. With 
water flowing from both sides of the connection an air-free seal 
was obtained. 
The pore pressure transducer was plugged into the balancing 
box and digital voltmeter (DVM). With the water in the 
trough level with the top surface of the bottom pedestal and tap H 
open and G closed the transducer output was zeroed. Tap H was 
closed and the trough was filled with de-aired water to a depth 
sufficient to completely immerse a sample 76mm tall. 
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The top surface of the bottom pedestal was cleaned and any air 
bubbles, trapped in the grooves, were dispersed before the aluminium 
bottom platen was set in place. A porous plastic disc in the centre 
of the bottom platen allowed drainage from the base of the sample. 
Two rounds of latex, cut to expose the porous plastic disc, 
were placed on the bottom platen. The latex-latex and latex-
aluminium interfaces were lubricated with silicon grease. Silicon 
grease was chosen as a lubricant because it was found that it did 
not react with the latex membranes. The surface of the top platen 
was similarly prepared. 
A filter paper collar was placed around the pedestal ad]acent 
to the ends of the drainage grooves. It sat approximately 6mm 
proud of the top surface of the bottom platen. 
The soil was extruded into a brass former, 38mm diameter and 
76mm tall, the inside of which was smeared with silicon grease. 
With the ends trimmed the sample and former were weighed together. 
Once the sample was removed, any traces of grease on its surface 
were scraped off. The former and scrapings were weighed and the 
sample dimensions were measured. From these an estimate of the sample 
density was obtained. Soil trimmings were used to obtain a value of 
pre-test water content. 
A moist filter paper side drain was placed around the sample 
which was then set, under water, onto the bottom platen. For 
extension tests spiral side drains were used, since these offer no 
restraining effect, (Berre, 198la). The lower portion of the top 
platen assembly was then put in place and a membrane was stretched 
over the sample and end platens. The presence of the membrane pushed 
the collar into contact with the side drain and completed the 
drainage path for the sample. The whole procedure was performed 
under water to prevent air being trapped. 
Free water was squeezed out from under the membrane before 
the o-rings were put in place. The surface of the membrane was 
then smeared with silicon grease. A second membrane was placed 
over the first to ensure the sample remained watertight. This was, 
again, held in place by 0-rings at the top and bottom. 
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The second part of the top platen assembly (~art B, Figure 4-4) 
was then screwed into place. The flexible tubing connected to the 
top drainage port of the cell base was sufficiently long to allow 
the faces of Parts B and c to touch without the tubing itself coming 
into contact with the sides of the sample. With Part A attached to 
the internal load cell the triaxial cell was assembled and transferred 
to the consolidation bench. 
The pore pressure transducer was reconnected to the balancing 
box and DVM. The cell was then filled with clean distilled water. 
With the drainage tap closed a confining pressure of approximately 
400 kPa was applied initially. In order to ensure that Parts B and 
C of the top platen assembly were parallel they were held in contact 
during the first stage of consolidation. This was achieved by the 
use of a hanger supported on the cell ram. The cell pressure of 
400 kPa was sufficient to support the weight of the hanger. The 
pressure was reduc~d slowly until the equilibrium state, where the 
weight of the hanger and the force due to the cell pressure were 
equal, was reached. The ram was then brought down until Parts A 
and B touched. The soil sample was sufficiently soft to offer little 
resistance as the sample top was re-aligned. Tap G, Figure 4-5, 
was then opened and a back pressure, monitored by the pore pressure 
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transducer, was chosen to give an effective consolidation stress of 
50 kPa. An initial reading was then taken on a dial gauge attached 
to the loading ram. When the initial reading on the volume change 
apparatus was taken the drainage tap, H, was opened and consolidation 
began. 
After the first stage of consolidation was complete the hanger 
was removed and the top platen assembly separated. Isotropic 
increments of consolidation pressure were applied and the back pressure 
was reduced to a value of 200 kPa. 
was 700 kPa. 
The maximum cell pressure applied 
Isotropic overconsolidation was produced by increasing the 
back pressure. This ensured excellent sample saturation. 
5.4 SIMPLE SHEAR SAMPLE PREPARATION 
The simple shear samples drained, during consolidation, 
through the bottom platen and along a narrow tube to a manometer. 
This enabled the change in volume of the sample during consolidation 
to be measured. A tap attached to the side of the bottom platen 
could be closed to prevent drainage. Water draining from the sample 
was filtered through a porous plastic disc which was boiled to 
ensure saturation. 
The bottom platen, porous plastic discs and tubing to the 
manometer were de-aired. The discs were boiled on a hotplate to 
saturate them. With the drainage tap closed the manometer was 
filled. When the tap was opened the flow of water flushed air from 
the bottom platen block. A syringe is used to assist the de-airing 
process. An old membrane, attached to the platen by an o-ring, 
formed a trough which prevented the spillage of water over the 
rest of the apparatus. 
The trough was left whilli the soil sample was extruded and 
prepared. The porous disc was put in place under water to prevent 
air being trapped below it. 
It should be noted that the water supply available was not 
distilled or de-aired prior to use. It may be expected to have 
a considerable dissolved air content .. 
The soil was partly extruded from the U4 tube using a 
hydraulic ram. The soil immediately next to the wax seal was 
discarded. Two slices, approximately 20mm thick, were cut off and 
wrapped in clingfilm to prevent a loss of moisture while the U4 
tube was resealed. 
The simple shear device tested samples circular in plan and 
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of diameter 66.17mm. A cutting ring of height l2.7mm was used to 
trim the specimen. Since the soil was very soft and cohesive it 
showed a tendency to stick to both the cutting ring and the bench 
top. To combat this the inside of the ring was smeared with silicon 
grease and the trimming procedure was performed on a sheet of 
clingfilm set on the bench top. 
When the top and bottom faces had been smoothed the sample 
and cutting ring were weighed. The soil was pushed out of the ring 
using a dummy platen. The cutting ring was weighed and the sample 
dimensions were recorded to calculate its wet density. A water 
content test was performed on the trimmings produced by the sample 
preparation procedure .. 
The trough was drained and the membrane removed. The burette 
level was then dropped to the level of the top face of the bottom 
platen and the drainage tap was closed. 
Since the sample could not be set up under water it was im-
portant that it was surrounded by as much water as possible during 
setting up and that the preparation time was kept as short as 
possible. The following method of preparation was found to be 
the most satisfactory. 
The sides of the top and bottom platens were coated with 
silicon grease. The membrane, with the latex ends rolled onto 
the reinforced section, was placed onto the top platen. The inside 
of the membrane was smeared with silicon grease to prevent moisture 
being absorbed by the latex. Geonor believe the output from an 
instrumented membrane is highly sensitive to temperature and 
humidity, (Berre, 198lb).. 
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Water was poured onto the surface of the bottom platen and a 
film up to Smm deep developed due to surface tension. As the sample 
was put in place water was expelled and an air free seal was 
assumed. The vertical load output was zeroed at this point. The 
top of the sample was liberally sprayed with water. The crosshead, 
with the top platen attached, was then located on the uprights, 
B on Figure 4-6, and prevented from coming in contact with the top 
of the sample by nuts on the threaded piston rods, G. The nuts were 
carefully drawn down until the top platen came into contact with the 
top of the sample. The purpose of this procedure was to hold the 
top platen secure and prevent any unintentional loading of the soil 
while the membrane was drawn down. The membrane was brought down 
until the instrumented section of the reinforcement was in contact 
with the soil. 
Once it was in place the crosshead was removed to allow the 
placement of the a-rings. 0-rings were first placed below the 
sample, around the bottom platen, taking care not to trap the leads. 
They were placed as close to the reinforced section as possible. 
The region between the sample and membrane was then flushed with 
water from a syringe to prevent air pockets being trapped. a-rings 
were then placed around the top platen. 
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The crosshead was then replaced and lowered until it just came 
into contact with the top platen. With the membrane leads attached 
to the Wheatstone bridge the assembly was left to settle for an 
hour or so before the consolidation process was begun. 
During this time a second sample was set up between two 
aluminium dummy platens. The sample was strong enough to support 
the top platen but to avoid damaging it the second membrane was 
greased and placed on the lower platen. It was then pulled up over 
the sample and onto the top platen. This assembly was also left for 
a period of·one hour to allow the membrane output to settle. 
Zero readings on all transducers were taken before the test 
sample was loaded. The nuts below the crosshead on the loading 
uprightswere released and the sample was therefore subjected to the 
weight of the crosshead. The drainage valve was then opened and 
readings of pore pressure, top platen displacement and lateral 
stress were taken at intervals. After about 20 minutes the platens 
were believed to have been seated sufficiently to allow the first 
consolidation increment to be applied. 
The vertical load was applied pneumatically by a piston. 
within the body of the device. The transducers and gauges were read 
at intervals. Each consolidation stage was left for at least eight 
hours or until pore pressure had dissipated totally. The total 
normal load was usually applied in three increments, but obviously 
overconsolidated samples required a greater number of increments. 
5.5 TRIAXIAL TEST PROCEDURE 
5.5.1 Setting Up Procedure for Extension and Cyclic Triaxial Tests 
lvhen consolidation was complete the final reading was taken 
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on the volume change unit. The cell pressure and back pressure 
leads were disconnected and the cell was taken from the consolidation 
bench to the compression machine. It was secured to the platen of the 
compression machine by two G-clamps. The leads from the cell pressure 
and auxiliary back pressure air-water cylinders were connected. With 
the cell pressure and back pressure adjusted to the required values 
the internal load cell and pwp transducer were plugged into digital 
displays on the front panel of the compression machine, Plate 4-1. 
The outputs were zeroed and calibration factors were entered. These 
displays ensured a continuous readout of load, displacement and pwp 
during the tests. 
The actuator piston was brought down by increasing the air 
pressure to the top port of the actuator. When the connector seated 
on the cell ram it was fixed in place by four grub screws. 
The piston load was further increased until Parts A and B of 
the top platen assembly, Figure 4-4, came into contact. The top 
drainage tap was opened and water trapped in the cavity between the 
two sections was allowed to escape. The seal was further improved 
by applying a vacuum. 
With the ram and top platen connections made, the dial gauge 
attached to the cell ram was read. This gave a measurement of the 
change in sample height during consolidation. Assuming the sample 
remained cylindrical the height and volume changes could be used to 
calculate the change in sample diameter during consolidation. Once 
this reading had been taken the dial gauge was replaced by a 
displacement transducer, which was plugged into one of the digital 
display units on the front panel. 
The two arms of the clamp were then located in the notches 
of the ram connector, Plate 4-3. The clamp bar was secured by 
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tightening the. nuts on two threaded bars attached to the compression 
machine crosshead. The nuts were tightened carefully, ensuring that 
no excess load was applied to the sample. 
The leads were then connected from the A-D converter to the 
transducer outputs on the side of the compression machine. The 
computer was then able to record initial readings of load, displace-
ment and pore water pressure. 
5.5.2 Extension Test Procedure 
Extension tests were performed at the same rate as compression 
tests (3.3% per hour). The clamp held the sample's top surface 
steady while the downward movement of the test machine platen caused 
the sample to strain in extension. The shear strength in extension 
was defined as the maximum shear stress supported by the material 
in extension. In order to calculate the deviator stress the sample 
was assumed to deform as a right cylinder. 
During extension the deviator stress, defined as the difference 
between the vertical and horizontal normal stresses, was always 
negative. Strain was defined as the ratio of extension displace-
ment to the sample's original height. The tests were terminated 
when the sample strain reached 20%. 
5.5.3 Two-way Cyclic Test Procedure 
With the clamp fixed the required repeated load was set up 
using the equipment arrangement shown on.Plate 4-2. The waveform 
generator transmitted a sinusoidal wave of frequency 0.1 Hz to the 
signal conditioning unit. An electronic timer, accurate to one 
millisecond, was connected to the waveform generator to monitor 
any drift in wave period. The received signal was controlled 
manually by the adjustment of potentiometers in the signal 
conditioning unit. This allowed the signal output to the electro-
pneumatic converter (EPC) to be kept within its working range of 
0-500 mA. 
The load offset was controlled independently of the repeated 
load amplitude. The offset was adjusted from two sources; one was 
the signal conditioning unit, the other was the pressure regulator 
controlling the pressure supplied to the bottom port. 
The total load applied to the cell ram was measured by the 
Alpha load cell and displayed on a digital voltmeter (DVM). When 
the loading sequence was close to that required the data-logging 
program was started and the clamp was released. No accurate 
allowance could be made for ram friction during the setting up 
stage and so a final adjustment was made to the load during the 
first few cycles. It was assumed that for small strains the sample 
remained cyclindrical and so, based on this assumption, the load 
was adjusted to ensure equal values of deviator stress at maximum 
extension and compression. 
Failure was defined as a peak strain of 10%. Those samples 
which did not fail under cyclic loading were sheared to failure in 
undrained compression. In such cases the ram was reclamped and 
the sample was compressed against the clamp bar rather than the 
machine crosshead. 
5.5.4 Data-logging Equipment 
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The A-D converter monitored the three transducers (load, pwp and 
displacement) continually during each test, reading each channel 
approximately ten times per second. The readings were transmitted 
to the computer which, when armed with the appropriate calibration 
factors, was able to calculate stresses and strains. 
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In monotonic tests, both extension and compression, the 
readings were recorded and transferred to disk files at 0.25% strain 
intervals. In cyclic tests the computer was programmed to distinguish 
the maximum and minimum values of stress in each cycle and to record 
the values of load, displacement and pwp at these points. The 
computer optimised the results by continually updating an array of 
four consecutive load readings. This enabled the maximum or minimum 
value out of a total of seven readings to be recorded. Sudden jumps 
or surges in signal were ignored by the computer since they did not 
fit in with the consistent upward or downward trend. Occasionally 
when very low stress levels were applied and very small strains were 
observed the computer had difficulty distinguishing the peak points 
of each cycle. In such circumstances the record of cycles applied, 
given by the counter on the signal conditioning unit, were used to 
correct the recorded data. The missed cycles were evenly distributed 
over the duration of the test. 
Since some samples were expected to survive 10,000 cycles of 
load, and since the capacity of the disks was limited, not all the 
cycles were recorded. A greater proportion of the early cycles were 
recorded than later ones. This led, unfortunately, to certain 
information being lost on the occasions when samples failed after 
a very large number of cycles. Generally, however, failure occurred 
within the first 1000 cycles and sufficient detailed information 
was available. 
Whenever possible a manual record was kept as a backup in 
case of a computer malfunction. 
5.5.5 Corrections to Recorded Data 
Corrections were made to the test data to take account of the 
proportion of load carried by the membranes and sample side drains 
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(the internal load cell eliminates the need to account for ram 
friction) and for the displacement due to the compression or extension 
of the top platen assembly. 
The membranes offer resistance to both compression and extension 
loads. The compression shell theory defined by Henkel and Gilbert 
(1952) and recommended by BS1377 (1975) was adopted for compression 
tests and for the compressive part of the cycle during the repeated 
load tests. By this method the correction, to be subtracted from 
the deviator stress, is 
0 corr = 
n.D.M.< (1- <) 
Ao 5.1 
where D is the initial sample diameter, M is the membrane extension 
modulus, Ao is the initial sample area and < is the sample strain. 
M was found by stretching a hoop of latex, as described by Bishop 
and Henkel (1962), and making the assumption that the moduli in 
extension and compression were equal. Since test specimens were 
confined in two membranes a double thickness of latex was used to 
obtain the modulus M. 
For extension tests, and the extension part of the cycle in 
repeated load tests, the same modulus was used. The correction to 
the deviator stress was found simply by multiplying the sample 
extension and the modulus M. However since the sample height changed 
during consolidation it was assumed that the membrane only exerted 
a restraining effect when the sample was extended beyond its 
preconsolidation height. For extension displacements less than the 
height change during consolidation no correction was made. 
The side filter drains also offer resistance to applied loads. 
However the method of correcting for the additional load is rather 
more empirical. Both Henkel and Gilbert (1952) and Bishop and 
Henkel (1962) identify a maximum filter and membrane restraint at 
failure of approximately 2psi (14 kPa), for 38mm samples. Henkel 
and Gilbert (1952) suggest that of this 1.4 psi (10 kPa) is due to 
the resistance of the filter drains at a maximum shear strain of 
15%. Bishop and Henkel further suggest that no filter drain 
resistance occurs until a strain of 2% and so it has been assumed 
that the filter drain correction builds up from zero in the first 
2% to a maximum of 10 kPa at a strain of 15%. 
For the extension tests the system of spiral side drains 
suggested by Berre (198la) was adopted. This arrangement offers no 
restraint and therefore requires no correction to the measured 
loads. 
For cyclic tests the conventional filter drain arrangement 
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was used, with one modification. To reduce the restraint in 
extension the drain was cut at mid-height. Therefore a filter drain 
correction was applied only to the loads measured in compression 
during the repeated load tests. 
A correction had to be made to the measured displacements in 
order to allow for the compressibility of both the internal load 
cell and the top platen assembly. The magnitude of the correction 
was measured by setting up the system with a steel "dummy" sample 
and measuring the displacement over a range of applied loads. It 
was assumed that, over the range of loads relevant to soil testing, 
the strain of the steel sample was negligible. 
The correction curves obtained and used during this study are 
presented in Appendix A. 
5.6 SIMPLE SHEAR TEST PROCEDURE 
Both monotonic and cyclic simple shear tests were performed 
during the course of the project. The monotonic tests were performed 
on samples with a range of stress histories (OCR 1, 2 and 4) and by 
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two distinct methods. An attempt was made to run the tests undrained 
and measure the change in pwp by use of a remote pore pressure trans-
ducer attached to the side of the simple shear device. However the 
pore pressure change during shear failed to register during the test. 
This was due, most likely, to the presence of air trapped in the 
plastic tubing between the pore pressure transducer and the bottom 
platen (Conn and Hyde, 1983). A miniature pore pressure transducer 
was then installed in the centre of the top platen and the drainage 
tap was moved to the side of the bottom platen. With the drainage 
path shortened significantly the possibility of trapped air pockets 
was reduced. While the top platen was being modified tests were 
performed by the "effective stress" testing method described by 
Bjerrum and Landva (1966). Since, by this method, the height of 
the sample remains constant during shear, tests of this type have 
been entitled constant vertical height (CVH) tests. The procedure 
for both types of test, undrained and CVH, are described below. 
The two-way cyclic tests performed were run undrained with direct 
pore pressure measurement. 
5.6.1 Monotonic CVH Tests 
When the consolidation stage was complete, indicated by the 
shape of the consolidation curve, the crosshead was locked in place. 
The drainage tap was left open and a strain rate was chosen which 
allowed no pore pressure to build up during shear (0.004 mmjmin). 
Initial readings were taken of load, membrane response, horizontal 
displacement and vertical load. 
The sample shear strain was defined as the ratio of the 
horizontal displacement to the vertical height. Readings were taken 
according to the increase in shear load for the first 3% strain, at 
lON intervals. From 3% strain onwards, the readings were taken at 
intervals of O.lmm. The samples were sheared until the "stress-
strain" plot on the X-Y plotter was observed to have peaked or to 
have remained constant for some time, generally at 10-15% strain. 
5.6.2 Undrained Monotonic Tests 
In the undrained tests the pore pressure was monitored during 
consolidation. The consolidation stage was complete when the pore 
pressure produced by the consolidation increment had dissipated. 
No back pressures were applied to the samples due to the pressure 
limitations imposed by the membranes. On completion of the 
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consolidation stage the sample drainage tap was closed and the motor 
was engaged. During tests of this type the sample height was 
observed to change during shear and so this change was noted and 
taken into account when calculating the strain. As with the previous 
type of test, readings were taken after every lON change in shear 
load for the first 3% strain, and at O.lmm horizontal displacement 
intervals for the remainder of the test. 
Since the sample volume remained constant a change in height 
must be accompanied by an equivalent change in diameter, taken into 
account when the vertical stress was calculated. The membrane 
registered changes in total lateral stress under these undrained 
conditions and so the effective lateral stress was found by 
subtracting the recorded pore pressure. Though horizontal load 
and displacement and vertical load were recorded on the chart 
recorder the membrane and pwp transducer readings were recorded 
manually. 
5.6.3 Cyclic Simple Shear Tests 
In order to perform cyclic simple shear tests the worm drive 
motor was replaced by a double acting piston. The method of 
operation was similar to that described for triaxial tests. one 
port of the piston was fed by a constant regulated air pressure. 
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The air supply to the other port was manually controlled by pressure 
regulators on anelectro-pneumatic converter. The waveform employed 
was again sinusoidal and produced by a waveform generator. The 
micro-slide was held in place by a steel pin which allowed the load 
to be built up, and monitored by the load cell, without loading the 
soil sample. When the required loading was obtained the pin was 
removed. 
Readings of horizontal load and displacement and vertical load 
were again recorded on the chart recorder. The pore pressure, 
membrane response and height change were recorded manually. 
The tests were run to failure, defined as 3% peak strain, 
or until the sample had suffered 10,000 cycles of load. Those 
samples which survived 10,000 cycles were subsequently brought to 
failure by monotonic undrained shear. 
5.6.4 Corrections to Recorded Data 
The horizontal load measurement was corrected to allow for 
the effects of both membrane restraint and friction in the micro-
slide. The correction was calculated by assembling the equipment 
with water in. place of soil. The water offered no resistance to 
the horizontal shear load and the measured horizontal force was 
regarded as a combination of friction and membrane resistance. 
This was subtracted from the'horizontal load measured during a test 
to calculate the shear force carried by the soil. 
After consolidation a proportion of the applied vertical load 
is assumed to be carried by the membrane. A very simple method, 
suggested by Dyvik (1984), was used to estimate the proportion of 
load transferred during consolidation. The extension modulus was 
found for the reinforced membrane by the same method used to 
calculate the modulus for triaxial membranes (Section 5.5.5). It 
was found for the axis perpendicular to the direction of the 
reinforcement by cutting a narrow strip and holding it at the edges 
of the reinforced region by two bulldog clips, Figure 5-2. The 
modulus in compression was assumed to be the same as that in 
extension. The load carried by the membranes was taken simply as 
the product of the vertical displacement and the modulus. The 
assumption of compression and extension moduli being equal is 
not strictly correct since the presence of the reinforcement should, 
in theory, cause a greater modulus in compression. However the 
discrepancy was accounted for in the fact that the platen sides 
were lubricated allowing some degree of slippage. 
No corrections were believed to be necessary to the measured 
vertical and horizontal displacements. 
Both Berre (198lb) and Dyvik, Zirnmie and Floess (1981) suggest 
a modification to the calibration factor of the reinforced membrane 
to take account of compression effects during consolidation. The 
lateral stress, or' is then given by 
where r is 
ro is 
k is 
and Ea is 
= 
the reading 
(r - r 0 )k 
1 - Ea 
corresponding to radial stress 
the reading when or = 0 
the membrane calibration factor 
the vertical strain of the specimen. 
5.2 
Or 
The modifying factor (1 - Ea) appears to be included to account 
for the change in resistance due to the compression of the wire 
reinforcement. The electrical law governing this is 
Resistance R = pl 
A 5.3 
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where p is the resistivity of the material, l is its length and 
A is its cross-sectional area. A brief calculation was performed 
assuming, as NGI do, that the specimen diameter does not change 
during consolidation. It was further assumed that the compression 
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of the membrane was carried equally by the latex and the reinforce-
ment. Both these assumptions would produce, in theory, the most 
severe change in the resistance of the reinforcement. It is clear 
from the calculations in Appendix B that the compression effect was 
very much smaller than that suggested by Berre (l98lb) and oyvik et 
al. (1981). Therefore, on the basis of this analysis, no compression 
correction was made to the membrane output. 
The resistivity of the reinforcement was sensitive to 
environmental change, i.e. temperature and humidity. The response 
of the dummy membrane was used to take account of such changes. 
The membrane extension curve and the shear load correction 
curve are presented in Appendix A. 
95 
One-dimensional loading, 
b u atic piston r-- Drainage y pne m 
I 1 h 
......____, 
'r 
i 
I 
I 0-Ring ~ [ Seal 
\ f'---- Porous Filt 
Stone 
er 
Soil 
I 
0-Ring Se 
al\ 1-- Porous Filt ( Stone er 
~ 
• 
- b Drainage 
]-' 
FIGURE 5·1: CONSOLIDATION TUBE 
0 
Direction of 
Reinforcement 
Lower Bulldog Clip 
loaded 
j 
l 
[-
Top Bulldog Clip, fixed 
-P 
Vernier 
Microscope 
FIGURE 5-2: REINFORCED MEMBRANE MODULUS ASSESSMENT 
96 
97 
CHAPTER SIX 
THE MATERIAL 
6.1 INTRODUCTION 
Keuper Marl is a material found widely throughout the British 
Isles. It dates from the late Triassic period and erosion of the 
overlying Jurassic and Cretaceous formations has exposed a band of 
heavily overconsolidated Keuper Marl stretching from Somerset to 
Cleveland. The outcrop continues on the sea bed for some distance 
off the Northumberland coast. It is also found as a subsurface 
deposit over large areas of the southern North Sea (Pegrum, Rees 
and Naylor, 1975). The thickness of the deposit varies generally 
between 200 and 400 metres though depths of 1000 metres have been 
reported. It comprises a variety of rock types, but primarily red-
brown to green mudstones and shales generally referred to as "marl" 
(Kolbuszewski, Birch and Shojobi, 1965). According to a large 
survey (Maclean, 1964) the majority of marls could be classified 
as inorganic clays of low to medium plasticity. 
The material used in the present research project was a red 
Keuper Marl from Derbyshire. It was supplied in air dried powder 
form and remoulded in batches during the course of the research. 
Initially, however._ a series of tests were performed to define the 
material properties of the soil. All tests were performed in 
. 
accordance with BS 1377 (1975). 
Before use the dried soil was passed through a rotary-
classifier. This produced a silty clay material with the grading 
curve shown in Figure 6-1. The specific gravity and index properties 
are presented in Table 6-1. The isotropic consolidation properties 
and the soil's strength in undrained monotonic triaxial loading 
were also investigated. This information is presented, in the 
following pages, in terms of the critical state soil model devised 
by Schofield and Wrath (1968). 
Table 6-1 
Specific Gravity 
Liquid Limit 
Plastic Limit 
Plasticity Index 
2.74 
36.0% 
19.0% 
17.0% 
Index Properties of Keuper Mar! 
6.2 THE CRITICAL STATE MODEL FOR KEUPER MARL 
The critical state concept describes a soil's behaviour by 
reference to three parameters; two stress invariants, q' and p', 
and one measure of the soil's specific volume. If these parameters 
are presented on three mutually orthogonal axes a three dimensional 
surface, Figure 6-2, can be described which defines the boundary 
between states in which the soil can exist and those in which it 
cannot. Any stress path movement within the boundary will produce 
only elastic (recoverable) strain if the stress path remains on an 
elastic wall, the vertical projection of an isotropic swelling line, 
(Roscoe, Schofield and Thurairajah, 1963). Plastic (permanent) 
strain occurs when a stress path travels off an elastic wall. 
Stress states outside the yield boundary cannot be supported by 
soil samples. 
6.2.1 The v-p' plane 
When viewed along the q-axis the v-p' plane appears as shown 
on Figure 6-3a. When the p-axis is plotted on a logarithmic scale 
the normal consolidation line, swelling line and critical state 
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line can all be represented by straight lines, Figure 6-3b. The 
normal consolidation line .<NCL) and the critical state line (CSL) 
are parallel and have a common gradient denoted A. The values of 
specific volume on the NCL and CSL at p' = 1.0 kPa are denoted by N 
and r respectively. The swelling lines have a gradient K. Since 
all samples tested were taken to the same maximum isotropic 
consolidation pressure, Ph on Figure 6-3b, during overconsolidation 
the samples swelled to different values of specific volume for 
different OCRs. A volumetric normalising factor Pe was used to 
enable the results of tests on samples of all stress histories to 
be presented meaningfully together. pe is defined as the value of 
p' on the NCL at the same specific volume. It is defined 
diagrammatically on Figure 6-3b. For saturated soil the sample's 
moisture content is seen as equivalent to the specific gravity. 
A, K, N and r were found from the results of the triaxial 
compression testsa Post-test moisture contents deter.mined for all 
samples enabled the swelling line to be drawn. The compression 
test results gave enough information to plot the CSL. The NCL was 
then drawn parallel to this through the point given by p' = 500 kPa 
and the specific volume of normally-consolidated samples. 
Figure 6-4 shows the data used and the lines fitted. The NCL 
and swelling line are the same for all samples. However the 
critical state lines for compression and extension are different, 
though parallel. The critical state parameters are 
A = 0.0738 rcomp 1.971 
K 0.0271 rext 1.975 
N 2.007 Mcomp = 1.22 
Mext -0.938 
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6.2.2 The q-p plane 
For a constant specific volume the section through the critical 
state boundary is of the form shown in Figure 6-5. The axes q' and p' 
are defined as: 
q' = crl - o; = 
p' (ol + 2oJ)/3 
for triaxial conditions. The stress path for normally isotropically 
consolidated samples will start from a point where q' = 0, p' = p~. 
As the sample is sheared undrained in compression the applied stress 
path travels upward and to the right along a line rising at tan- 1 3. 
Positive pore pressures are produced which cause the effective stress 
path to rise to the left along a curved path. When the path reaches 
the peak value, denoted as CS on Figure 6-5, the sample will continue 
to suffer plastic deformation with no change in the applied stresses 
or measured pore water pressure. Similar behaviour is exhibited by 
samples normally-consolidated to different values of p~. 
The CS, or critical state, points produced by samples con-
solidated to a range of p~ values form a straight line, rising from 
the origin with a gradient M, known as the critical state line or 
critical void ratio (CVR) line. 
Isotropically overconsolidated samples of the same moisture 
content, or specific volume, start from some point on the p- axis 
where p' < p~. During undrained compression the effective stress 
path travels vertically until it reaches the yield boundary. It 
then travels on the yield surface towards the critical state point. 
It is a central hypothesis of the critical state theory that a soil's 
shear strength is independent of stress history but dependent solely 
on its specific volume (Roscoe, Schofield and Wrath, 1958). 
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Similar behaviour is exhibited by soils brought to failure in 
triaxial extension. The convention is proposed that oi and a; 
refer to the effective vertical stress and effective horizontal 
stress and not maximum and minimum principal stresses. This allows 
the complete yield surface for compression and extension to be 
plotted clearly on the one diagram since extension tests will produce 
' negative values of q. 
The stress path plots for two series of monotonic triaxial 
tests, one series in compression and the other in extension, are 
presented in Figure 6-6. In each series tests were performed on 
samples of overconsolidation ratios (OCRs) 1, 2, 4 and 10. All 
samples were taken to a maximum effective consolidation pressure 
of 500 kPa and overconsolidated, if required, by increasing the 
back pressure. As a result samples of different OCR had different 
moisture contents. They all, therefore, had different critical 
state points. To enable the Hvorslev surface to be defined the 
results have been normalised with respect to Pe• the value of p' 
on the normal consolidation line at the moisture content of the 
sample in question. The Pe values are tabulated on Figure 6-4. 
The Critical State point for compression tests occurs at 
q)pe = 0.74, p'/Pe = 0.607. Therefore M= 1.22 for the material 
under investigation. Hyde (1974), from tests on another Keuper 
Marl, quoted an M of 1.25. The Hvorslev surface is drawn as a 
straight line, with the equation 
0.26 + 0.807 E.:. 
Pe 
The results of the extens:i!on tests give a Critical State 
point of qYPe = -0.6, p'/Pe = 0.64. The value of M in extension 
is therefore -0.938. The linear Hvorslev surface has an equation 
-0.2 - 0.625 E.:. 
Pe 
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It is interesting to note that, if both Hvorslev surfaces are 
continued beyond the q/pe axis they intersect on the p'/Pe axis at 
-0.32. A similar response was noted in the results of Parry (1960). 
Since both M and $' are friction parameters it is possible to 
produce a geometric relation between the two. It can be shown that 
= 
S. - 1 3M ~n 6 + M 
If one uses the gradient of the Hvorslev surface as a value of 
M, to allow for the cohesion intercept, then both extension and 
compression results suggest the same $' value, within limits of 
experimental accuracy 
= 
= 
. _, 
s~n 
S
. _, 
~n-
3(0.807) 
6.807 
3(-0. 625) 
S-3i'5 
= 20.8° 
= -20.4° 
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CHAPTER SEVEN 
DISCUSSION OF TRIAXIAL TEST RESULTS 
7.1 INTRODUCTION 
As described in Chapter Three a series of two-way cyclic 
triaxial tests were to be performed on isotropically consolidated 
specimens. The complete critical state yield surface had first to 
be defined. To this end a series of compression and extension tests 
were performed on isotropically consolidated samples of various 
stress histories. The results of the cyclic tests were then 
considered within this critical state framework and a simple model 
was produced to describe the accumulation of pore pressure and the 
failure of the soil specimen in cyclic loading. 
7.2 TRIAXIAL COMPRESSION TESTS 
A short series of compression tests were performed. Nine 
samples were tested at OCRs of 1, 2, 4 and 10 and the results are 
tabulated in Table 7-1. 
7.2.1 Stress-Strain Behaviour 
The stress-strain curves are presented in Figures 7-1 to 7-4. 
The secant modulus, E8 , defined as the ratio of deviator stress 
and strain at 50% of qmax• is presented in Table 7-1 for each 
sample. It is apparent that the modulus decreased with increasing 
OCR. This loss of stiffness was observed by Hard (1983) and 
explained by reference to the Wroth and Loudon (1967) concept of 
contours of axial strain increment. A larger number of contours 
are crossed by overconsolidated samples in order to reach 50% of 
qmax than are crossed by normally consolidated samples of the same 
specific volume. The larger strain incurred results in a smaller 
value of Es· Figure 7-5 presents an attempt to support the Wrath 
and Loudon hypothesis. It can be seen that, though the data is 
limited, contours can indeed be drawn for the monotonic compression 
tests. 
7.2.2 Pore Pressure Behaviour 
Skempton (1954) described the pore pressure (pwp) response of 
a soil under triaxial conditions by the equation 
6u = B8a 3 + A(6a 1 - 6a 3 ) 7.1 
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The B-value is an indication of the saturation of the sample 
and ideally a value of 1.0 was sought. The B-value was determined 
before each test and the values obtained are presented in Table 7-l. 
The larger back pressures on overconsolidated samples had the effect 
of increasing the saturation on the samples and thereby increasing the 
values of the parameter B. 
The parameter A changes continuously during shear and is 
generally quote~ at the point of failure, when the pore pressure 
has reached a stable value. In such circumstances the subscript f 
is added. Rearranging the above equation 
Af = 6uf - B6a 3 f 7.2 
6a 1 f - 6q,f 
Since the cell pressure remains constant during shear 
Af 
6u 
7.3. = 6a 1 f - 6a 3 f 
The Af parameter for each sample is also presented in Table 7-1. 
As one would expect Af was most positive for normally consolidated 
samples, Af = 0.86 on average, and most negative for those samples 
with the largest OCR. The results for tests on samples of each OCR 
exhibited a good degree of consistency. For all the stress histories 
considered the pore pressure parameter Af was in close agreement 
with values quoted by Parry (1960) for tests on weald Clay, a 
material with index properties similar to the Keuper Marl tested by 
the author (LL = 43%, PL = 18%) . There was general agreement, too, 
with the data provided by 11ard (1983) for Keuper Marl. 
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The values of Af for samples of OCR 4 were, to all intents and 
purposes, zero. No pore pressure was produced during shear. Such 
an OCR was termed by Roscoe, Schofield and Wroth (1958) as the 
critical overconsolidation ratio and the equivalent points at various 
moisture contents would produce a straight line on a V-lnp' plot 
that would be parallel to both the critical state line and the 
normal consolidation line. Since there was no net change in pwp 
there would be no net change in moisture content in a drained test 
on a sample of the same stress history. Therefore stress paths of 
drained and undrained compression tests on samples of OCR4~t the 
same specific volume would meet at the same critical state point. 
It must be pointed out, though, that this critical overconsolidation 
ratio line applies only to samples subject to triaxial compression 
conditions. Other test configurations, e.g. triaxial extension, 
would result in different critical OCR lines. 
7.2.3 Stress Paths 
The effective,stress paths for the triaxial compression tests 
are presented in Figure 6-6. The stress paths all tend towards 
the critical state point of q';Pe = 0.74, P'/pe = 0.607. Not all 
the overconsolidated samples succeeded in reaching the critical state 
point. Some failed on the Hvorslev surface. Roscoe, Schofield and 
Wroth (1958) suggested two reasons why this may occur. Firstly, at 
the larger strains necessary to reach failure in overconsolidated 
samples the assumption that the samples remain cylindrical is called 
into serious doubt. Secondly, errors due to membrane, side drain 
and plunger friction become accentuated at lower cell pressures. 
Since the cell pressure was kept constant for all OCRs during the 
present programme of tests, it is felt that the discrepancy was due 
to the former reason. 
7.3 TRIAXIAL EXTENSION TESTS 
It was necessary to perform a series of extension tests on 
samples of various stress histories in order to define the complete 
failure envelope for triaxial tests. A series of eleven tests was 
successfully performed and the results are tabulated in Table 7-2. 
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As with the compression test~ samples of OCR 1, 2, 4 and 10 were studied. 
All samples failed by necking, normally at some point in the 
top half of the sample. At failure the strain and accumulated pore 
pressures were smaller in extension than compression. This confirms 
the findings of Parry (1960) , who presented data from compression 
and extension tests on Weald Clay. 
7.3.1 Stress-Strain Behaviour 
The stress strain curves for the extension tests are presented 
as Figures 7-6 to 7-9. The deviator stress at failure for each 
stress history was approximately 20% less than that for compression. 
The deviator stress was negative in line with the convention stated 
earlier that at and a; refer to the vertical and horizontal effective 
stresses, respectively. As a result of this, A values quoted are 
negative for an overall positive change in pore pressure and positive 
for an overall negative change. 
The stress-strain behaviour in extension was similar to that 
in compression. The secant moduli for each OCR compare well, Table 7-2. 
Again, the modulus decreased as the OCR increased. 
Although all tests were run strain-controlled to 20% strain 
the curves presented show no more than the first 10%, and in the 
case of TN3R only the first 4%. It was observed that after 10% 
strain the deviator stress dropped off quite considerably. This 
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was believed to be due to the necking of the sample and the 
subsequent underestimate of axial stress produced by the standard 
triaxial area correction. It was assumed, however, that the maximum 
deviator stress had been reached or was imminent by the time the 
necking effects became severe .. 
Neither Parry (1960) nor Andersen et al. (1980) made any 
mention of the necking of soil specimens during extension tests. 
Both, however, reported a smaller maximum deviator stress in 
extension than compression. 
Roscoe, Schofield and Thurairajah (1964) discussed in detail 
the results of compression and extension tests on sand. Not only 
was considerable necking observed during extension tests but the 
change in diameter was successfully measured. When the deviator 
stress was re-calculated on the basis of the correct neck diameter 
the maximum shear strength increased by 13%. 
Therefore the 20% smaller shear strength observed in the 
extension tests on Keuper Marl may have been due, in a large part, 
to the deformed shape of the sample. There is a similar, though 
not so severe, error implicit in the calculation of the stresses in 
compression, due to the barrelling of the sample. In these circum-
stances the error resulted in a slight overestimate of the shear 
strength in compression. 
In the absence of any reliable device to measure radial 
deformation the standard triaxial area correction was retained. 
7.3.2 Pore Pressure Behaviour 
The normally consolidated samples exhibited an initial 
negative change in pore pressure. However, by 1.5% strain the pore 
pressure had become positive. Overconsolidated samples produced 
negative pore pressures from the start of the tests. 
It was observed that the positive pore pressure response 
during extension tests was much less than that in compression. 
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For overconsolidation samples the negative response was much greater. 
This again supports the data presented by Parry (1960) . 
The pore pressure parameters Af and B were measured for each 
sample and are presented in Table· 7-2. The B-values for the 
normally consolidated samples were quite disappointinganda number 
of tests have been discarded due to unsatisfactory saturation. 
Again, though, the increase in back pressures to produce the larger 
OCRs had the advantage of increasing the B-values. 
7.3.3 Stress Paths 
The stress paths for the extension tests are presented in 
Figure 6-6. Since, in extension, the applied stress path moved, 
with a gradient of 3, towards the q';Pe axis the differences in pore 
pressure response described in Section 7.3.2 had the effect of 
producing an effective stress yield envelope similar in shape to 
the envelope drawn from the results of compression tests. 
It is clear from Figure 6-6 that the critical OCR, i.e. the 
OCR at which Af = 0, is very close to 1.0. 
The stress paths presented show a number of discontinuities. 
These were due to the testing equipment rather than a property of 
the soil. The compression machine, when acting in extension, did 
not appear to load the sample uniformly. As a result sudden changes 
in deviator stress occurred. It is felt, however, that despite this 
-----~ 
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malfunction the resulting stress paths were consistent and acceptable. 
Samples of higher OCR failed to reach the Critical State point. 
The reason for this was that some samples began to neck before failure 
had occurred. The stress paths were drawn to the points where q'/pe 
was maximum. Data beyond these points describe a sudden, almost 
vertical, drop in the paths, due, it is believed, to an overestimate of 
the cross-sectional area in the necking region. It is clear that the 
overconsolidated samples were heading towards ultimate failure at 
q';Pe = -0.6, P'/Pe = 0.64. 
7.4 TWO-WAY CYCLIC TRIAXIAL TESTS 
A series of stress-controlled cyclic triaxial tests was performed 
on samples of four different stress histories, (OCRl, 2, 4 and 10) . 
The testing programme has been fully described in Chapter Three. In 
this section the results from the tests will be presented in detail. 
Firstly, strain behaviour will be considered. Then pore pressure 
development will be discussed. Where possible the results will be 
presented within the framework of the full critical state yield 
envelope; defined in Section 6.2.2. 
The peak strain and pore pressure in compression and extension 
were measured for each cycle and recorded. An area correction was made 
to the load to enable the peak applied stresses in compression and 
extension to remain constant throughout the test. Corrections were 
also carried out to allow for membrane and. filter drain restraint and 
for the deflection of the internal load cell and the top platen 
assembly. The details of corrections made to the test results have 
been discussed in Section 5.5.5. 
( 
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7.4.1 Strain Behaviour 
The curves presented in Figures 7-10 to 7-13 show the develop-
ment of strain during cyclic load tests. The complete strain data 
for each test are presented graphically in Appendix C. It is obvious 
that larger repeated stress levels caused failure to occur after a 
smaller number of cycles. ~/hen cycled below a limiting stress level, 
termed the critical level of repeated loading (CLRL), the specimen 
exhibited very little strain in either extension or compression. 
When the cyclic loading was stopped, prior to post-cyclic monotonic 
compression, very little permanent strain was observed (< 0.2%). 
The mode of failure in cyclic loading was the same for all 
samples, regardless of stress history. In those samples which 
failed in cyclic loading the strain in extension increased from the 
start of the test. The peak strain in compression remained constant. 
When the strain in extension reached a value somewhere between 
0.5% and 0.8% the compressive strain began to increase quite 
sharply. The samples failed in cyclic loading shortly after this 
point. 
A similar response to two-way loading was observed by Takahashi, 
Hight and Vaughan (1980) and Andersen et al. (1980). Both remarked 
that for conditions of symmetric two-way stress controlled loading 
extension strains developed prior to those in compression. Procter 
and Khaffaf (1984), however, when reporting the results of two-way 
tests failed to observe an asymmetric response under strain controlled 
conditions. In view of the fact that soils appear weaker in 
extension than compression it seems unlikely that a symmetric re-
peated load regime will give rise to a symmetric strain response. 
The "failure in permanent extension" suggested by Kvalstad and Dahlberg (1980) 
did not occur. Rather, the repeated strain in extension softened 
the sample and disturbed the soil fabric sufficiently to allow the 
soil to yield in both compression and extension. 
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The build up in strain was more uniform in extension, as 
illustrated by the cyclic strain contours in Figure 7-14. These have 
been drawn from the strain and pore pressure data of the normally 
consolidated samples. A similar pattern emerged when the cyclic 
strains of samples of OCR 2 were considered, Figure 7-15. In each 
case the steady build up in peak extension strain was in complete 
contrast to sudden increase in compression strain at failure. 
Figure 7-16 suggests two reasons why this extension led 
failure should occur. Firstly, the yield envelope in extension 
was smaller than that in compression. Secondly, the applied stress 
path sloped towards the yield surface on the extension side. The 
conclusion was drawn, therefore, that it is the behaviour in 
extension which is important in determining an isotropically 
consolidated soil's resistance to symmetric two-way repeated loading. 
Test X06, Figure 7-13, was an exception to the behaviour 
described above. It appears that the extension deformation was 
sufficiently severe to cause the sample to fail totally in extension. 
It was felt that this response was due to an error in the load cell 
calibration which caused an asymmetric load to be applied. 
7.4.2 Strain Rate Behaviour 
The strain response in extension is also presented in terms 
of the strain rate, e, the increase in peak strain per cycle, 
Figures 7-17 to 7-20. This method of reporting cyclic data was 
first suggested by Lashine (1971). The strain rate in extension, 
observed by the author, resembled closely the behaviour observed 
by Lashine for one-way tests on another Keuper Marl. 
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For sub-failure conditions, i.e. stress levels below the 
CLRL, the strain rate continues to decrease for the duration of the 
test. This is illustrated by the plots of 408 and 407 on Figure 7-19. 
Only samples which failed in cyclic loading have been plotted on 
Figures 7-17, 18 and 20. For those tests in which failure occurred 
strain rate decreased until some point, defined as the imminent 
failure (IF) point, where the strain rate began to increase. 
In terms of peak strain this imminent failure point occurred 
at values of between 0.2% and 0.4% in extension. At these points 
no change was evident in the peak compressive strain. 
The positions of the effective stress paths were plotted at 
these imminent failure points and the result is shown on Figure 7-21. 
A unique line can be drawn through these points. The line appears 
to be independent of the sample stress history and intersects the 
extension of the linear Hvorslev surface on the p-axis. This unique 
line, termed the imminent failure line (IFL), defines the point, 
on any effective stress path, where failure begins. It may be said, 
therefore, that if the pore pressure produced by cyclic loading is 
sufficient to cause the stress path to migrate to the imminent failure 
line the sample will begin to fail. If repeated loading continues 
the strain rate will increase and pore pressure will build up until 
total plastic failure occurs. 
Samples such as 410, whose applied stress path crosses the 
imminent failure line, exhibited an increasing strain rate from the 
start of the test and proceeded to total failure very quickl¥, Fig.7-19. 
7.4.3 Pore Pressure Behaviour 
The pore pressure accumulated during the cyclic triaxial 
tests was measured at the peak extension and peak compression point 
of each cycle. A number of curves illustrating the accumulation of 
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pore pressure during cyclic tests on samples of OCR 1, 2, 4 and 10 
are presented in Figures 7-22 to 7-25. The complete pore pressure 
data recorded for all the tests performed are presented graphically 
in Appendix c. The curves in Figures 7-22 to 7-25 show that in the 
early stages of the tests the pore pressure produced in extension 
was negative. In normally consolidated and lightly overconsolidated 
samples sufficient positive pore pressures were built up by the 
repeated loading to produce a net positive pore pressure at the peak 
extension strain relatively early in the test. However for more 
heavily overconsolidated samples (> OCR 2) the pore pressure in 
extension became more negative in the early part of.the test and 
the point where the pore pressure in extension became positive 
occurred at a much later stage. 
The pore pressure measured at the peak compression stress was 
always larger than that measured at the peak extension. Those samples 
which reached an equilibrium stage in cyclic loading exhibited a 
constant pore pressure amplitude, i.e. the difference between the 
pore pressure at peak compression and the pore pressure at peak 
extension. The amplitude decreased slightly during the test for 
those samples which failed under cyclic loading. 
The effective stress paths during repeated load tests are 
presented in Figures 7-26 to 7-29. At total failure the effective 
stress paths are in the region of the Hvorslev surface in extension. 
Ward (1983), presenting data from one-way cyclic triaxial tests, also 
observed that failure occurred when the effective stress path 
migrated to the Hvorslev surface. 
Samples subject to stress levels less than ±0.2pe would only 
come in contact with the linear Hvorslev surface at points where 
p' < 0. Obviously this was not possible. The failure surface 
had therefore to be redrawn to account for those samples which 
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failed at low stress levels. The end points for the stress paths 
of all the samples which failed in cyclic loading are illustrated 
in Figure 7-30. Thelinear Hvorslev surface is satisfactory for 
larger stress levels. However, for lower levels of repeated loading 
the curved boundary shown is more representative. On the compression 
side the stress paths are still well below the yield surface defined 
by slow monotonic tests. 
On each of the stress path plots presented the CLRL has been 
identified. Figure 7-31 shows that a linear relationship exists 
between the CLRL and the initial normalised mean effective principal 
stress. It is interesting to compare these results with those 
obtained by Ward (1983) for one-way tests on a very similar material, 
Figure 7-32. Although the peak cyclic stresses at the critical level 
are smaller for two-way loading than those for one-way, the amplitude 
of the applied stress path is quite similar for each stress history. 
On closer inspection the amplitude of the CLRL for OCR 1 samples is 
slightly larger in two-way (0.44 Pe> than one-way (0.42 Pe>. For 
samples of OCR 2 and greater the amplitude in two-way loading is 
smaller than that in one-way. 
If one regards one-way loading as a combination of two-way 
repeated loading and a constant deviatoric load a brief comparison 
can be made with published data. 
Motherwell and Wright (1978) conducted a number of repeated 
load tests where the sustained s~ress and the repeated stress were 
both varied. The net applied stresses were always compressive. They 
found a linear relationship between the applied cyclic and sustained 
stresses required to cause failure. The net amplitude, 
however, did not remain constant. Houston and Herrmann (1980) 
conducted similar tests, though with stress reversal, and again found 
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that the net amplitude was not constant but varied with the sustained 
stress. Their results suggest that one-way loading would support a 
slightly larger load amplitude at the CLRL than two-way. The results 
presented for Keuper Marl in this text and in Ward (1983) do not 
appear to support this assertion for normally consolidated specimens. 
However for larger overconsolidation ratios the CLRL amplitude does 
appear to be smaller for two-way loading. 
7.4.4 Rate of Pore Pressure Accumulation 
The pore pressure behaviour at the peak extension strain was 
studied more closely in terms of the rate of pore pressure accumulation. 
u was defined as the excess pore water pressure per cycle of load. 
The pwp rate plots for tests on normally consolidated samples are 
presented in Figure 7-33. For each test there is a linear relation-
u pore pressure rate,--, 
Pe 
ship between the normalised and the number 
of cycles, N, when the data are plotted on logarithmic scales. 
Furthermore all the lines, with the exception of the one representing 
test N6R (stress level ±0.35 Pel, appear to originate from a unique 
u point, where = 9.0 x 10-2 and N = 0.15. The stress level 
Pe 
±0.35 Pe was the largest applied to the normally consolidated 
samples. Figure 7-17 indicates that the strain rate for N6R was 
increasing from the fifteenth cycle. The test duration was very 
short, and so the information upon which the pwp rate plot was based 
was less comprehensive than in other tests. 
A similar linear response was observed when the pwp rate plots 
were drawn for the results of the tests performed on samples of 
OCR 2, Figure 7-34. Again the lines, with one exception, originate 
from a unique point. The notional origin, though different from that 
u 
Pe' for OCR 1, appeared to have the same N value. The value of 
however, was smaller. 
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An attempt was made to find a similar pattern of behaviour 
among the tests at higher OCRs. Unfortunately the initial negative 
pore pressure in extension, mentioned previously, was apparent over 
a proportionally larger part of the tests and this affected the 
shape of the pwp rate plots. Whereas with samples of low OCR the 
positive pore pressure built up from the first few cycles, those 
with higher OCRs exhibited a noticeable increase in negative pore 
pressure, Figures 7-24 and 7-25. When the maximum negative pore 
pressure had been reached a positive change was observed. The 
maximum rate of pore pressure production occurred close to the point 
where the accumulated pore pressure in extension was zero. There-
after the rate dropped until a point close to total failure when an 
increase was again noted. The net result was a curved pwp rate 
plot of the form shown in Figure 7-35. It is impossible to fit a 
straight line to these results with any confidence. The linear 
trend obvious at smaller OCRs has been completely disturbed by the 
initial negative pore pressure response. 
The rate at which the rate of pore pressure accumulation 
decreases during the course of a cyclic test was termed the decay 
the slope u both the constant, a • and was of the --vs N plot. In Pe 
OCR 1 and OCR 2 series of tests a larger stress level gave rise to 
a smaller value of a. The relationship between stress level and 
decay constant, a, was in fact linear for both stress histories 
as shown by Figure 7-36. The fact that the pwp rate for test N6R 
(SL = ±0.35 Pe) was out of sequence in Figure 7-33, has resulted in 
the point on the a vs SL plot being rather remote from the line 
fitted to the other OCR 1 data. With the exception of this point all 
the tests of both stress histories support a linear relationship 
between the two parameters, a and SL. 
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Ward (1983) presented results from one-way cyclic triaxial 
tests on Keuper Marl. The pwp rate model produced by Ward (1983), 
and developed further by Hyde and Ward (1985) , assigned the same 
decay constant to the pwp rate plots for each stress level. Data 
included in the earlier work, and replotted on Figures 7-37 and 7-38 
show that B did indeed vary from test to test. When the decay 
constants were plotted against the stress level, Figure 7-39, a 
linear relationship was confirmed for the normally consolidated 
samples. However the data for overconsolidated samples showed no 
clear relationship and, with the exception of the test at the 
lowest stress level, would appear to support the assumption of a 
constant a. 
7.5 POST-CYCLIC TRIAXIAL COMPRESSION TESTS 
All samples which survived 10000 cycles of load were brought 
to failure by strain-controlled triaxial compression. The results 
are presented in Table 7-3. The stress-strain curves appear as 
Figures 7-40 to 7-43. The secant moduli, Es, were not markedly 
different from those observed in tests on samples not previously 
cycled. The normally consolidated samples on average had a slightly 
higherEgvalue while those of OCR greater than one on average had 
a lower value. These discrepancies may have been due simply to 
experimental variations. There is little evidence to suggest that 
the cyclic loading had had a softening effect. 
The normalised stress paths in Figure 7-44 show the effect 
that the repeated loading had on the undrained shear strength of 
the soil. The critical state point for undrained compression is 
marked CS. Published data from previous research projects (Ward, 
1983; Holzer and Hoeg, 1973; Austin, 1979) offer a range of 
opinions on the post-cyclic behaviour of clay. Some suggest that 
the strength is reduced by repeated loading; others that it is 
unaffected. Austin (1979) observed an increase in shear strength 
after cyclic loading. The stress paths presented in Figure 7-44 
clearly show that the repeated loading has had no effect on the 
undrained shear strength of the soil. 
Two A-values are quoted in Table 7-3. Af 1 is a measure of 
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the change in pore pressure from the sample state at the end of 
consolidation. Af 2 is a measure of the change in pore pressure 
during post-cyclic shear. A close agreement was noted between the 
Af values measured during the monotonic compression tests and the 
Af 1 -values measured during the cyclic tests. Not only did the 
samples' shear strength remain unaffected by the repeated loading 
but the critical state point also remained unchanged. The Af 2 -values 
measured were therefore an indication of the degree of damage in-
flicted by the repeated loading. For stress levels less than 
critical more pore pressure was accumulated for larger repeated 
stresses. 
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Secant Average 
Test No. OCR B-value Af Modulus, Es qf Moisture kPa Content MP a 
% 
MCNOl 1 0.94 0.83 42.8 377 19.7 
MCN02 1 0.95 0.89 41.4 356 19.7 
MCN03 i 0.93 0.85 36.0 374 19.7 
MCN04 1 0.92 0.87 40.9 368 20.0 
MC201 2 0.93 0.31 33.0 310 19.8 
MC401 4 0.95 1.4xlo-3 19.4 283 20.6 
MC402 4 0.965 -2.5xlo-3 18.3 268 20.1 
MCXOl 10 0.96 -0.21 8.1 195 21.0 
MCX02 10 0.96 -0.15 7.2 186 21.4 
Table 7-1 Triaxial Compression Test Data 
Secant Average 
- qf Moisture Test No. OCR B-value Af Modulus, Es kPa Content MP a 
% 
TENOlR 1 0. 72 -0.27 40.0 280 20.0 
TEN02R 1 0.88 -0.26 33.7 317 20.2 
TEN03R l 0.90 -0.21 55.6 289 20.0 
TEN04R 1 N/A -0.34 34.0 272 20.2 
TEN05R 1 0.88 -0.27 48.5 291 20.0 
TEN06R(l) 1 0.92 - - - 20.3 
TEN07R 1 0.9 -0.41 34.0 275 20.3 
TE201R 2 0.94 0.385 33.8 223 20.7 
TE202R 2 0.94 0.52 35.4 283 20.0 
TE401R 4 0.95 0.74 17.5 210 20.95 
TE402R 4 0.95 0.79 16.6 180 21.0 
TEXOlR 10 0.96 0.95 6.0 133 21.5 
TEX02R 10 0.94 1.02 7.8 138 21.8 
(I) Equipment failure 
Table 7-2 : Triaxial Extension Test Data 
Secant 
Test No. OCR An (1) iif2<2> Modulus, Es qf B-value 
MP a kPa 
N2R-P/C 1 0.83 0.197 39.1 375 0.94 
N4R-P/C 1 0.81 0.492 46.3 379 0.95 
NSR-P/C 1 0.87 0.702 44.5 365 0.98 
203-P/C 2 0.29 0.216 25.3 328 0.95 
207-P/C 2 0.244 0.23 29.0 394 0.93 
405-P/C 4 0 9xlo-3 19.2 257 0.96 ' 
407-P/C 4 2.5xlo-2 -7.5xlo-2 12.6 259 0.95 
408-P/C 4 -7.9xlo- 3 -1.25xlo-2 17.4 252 0.96 
X03-P/C 10 -0.167 -0.21 6.6 166 0.96 
X05-P/C 10 -0.17 -0.198 7.8 183 0.95 
(1) Pore pressure measured from end of consolidation stage 
(2) Pore pressure measured from end of cyclic stage 
Table 7-3 : Post-cyclic Triaxial Compression Test Data 
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CHAPTER EIGHT 
DISCUSSION OF SIMPLE SHEAR TEST RESULTS 
8.1 INTRODUCTION 
The stresses below the centre of an offshore gravity structure 
subject to repeated wave loading are often modelled using a simple 
shear device, generally of the NGI type (Bjerrum and Landva, 1966). 
Though this is not theoretically correct it is believed to be a 
sufficiently close approximation for the purposes of design. It was 
not within the scope of the present project to investigate such an 
hypothesis, but to study more closely the behaviour of a soil 
specimen in the simple shear device and attempt, if possible, to 
relate the observed behaviour to that of a specimen under more 
common triaxial conditions. 
Specimens were subjected to monotonic shear and single stage 
stress controlled repeated loading. Monotonic tests were performed 
on samples of various stress histories, while those samples subject 
to repeated loading were all normally consolidated. 
In an attempt to obtain a more complete understanding of the 
stress changes during undrained simple shear the reinforced membrane 
was instrumented. This enabled changes in lateral stress to be 
monitored. Tests were performed under undrained conditions and pore 
pressurewassuccessfully measured using a miniature pore pressure 
transducer. This served to eliminate the need to employ the 
assumption that changes in vertical stress during a drained test 
are equivalent to the pore pressure changes under undrained 
conditions. The results of tests performed under both regimes 
were used to investigate the veracity of the assumption. 
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Finally, a method of determining the'principal stresses present 
during simple shear loading was investigated. An attempt was made to 
present the results of monotonic tests in both simple shear and 
triaxial devices within a common principal stress framework. 
8.2 CONSOLIDATION IN THE SIMPLE SHEAR DEVICE 
Samples were consolidated under a known vertical stress. It 
was assumed that the reinforced membrane offered sufficient restraint 
to prevent lateral strain. The samples were therefore taken to be 
anisotropically consolidated under k0 conditions. The instrumented 
membrane, calibrated before each test, enabled the lateral stress, 
Or, to be measured. The ratio of Or to the vertical stress, a~c' 
at the end of consolidation was taken to be k0 , the coefficient of 
earth pressure at rest. 
\ 
A correction was made to take account of the proportion of 
load transferred from the top platen to the membrane during 
consolidation. The details of the correction are presented in 
Chapter Five and Appendix A. A correction was also made to the I 
lateral stress output to account for environmental changes over the 
consolidation period. The value of the correction was given by the 
output from ·a dummy membrane. 
Although it was assumed that no lateral strain occurred, some 
stretching of the membrane must have taken place to produce a change 
in the resistance of the reinforcement. However, by measuring both 
the change in the sample height and the volume change during 
consolidation the corresponding change in sample area could be 
calculated. The membrane strain, quoted in terms of the change in 
the circumference in Table 8-1 was in the region of 1.0% and was 
thus regarded as negligible. 
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By plotting the membrane output against the applied vertical 
stress an estimate was made for k0 . This has been done for various 
stages of consolidation in a number of tests and the data are presented 
in Figure 8-1. It would appear that 0.52 is a reasonable value to 
take for k0 • There was a considerable amount of scatter among the 
data. This was due largely to variation in the membrane output 
brought about by secondary consolidation, or creep, of the material. 
It may, however, have been due to some plastic strain in the membrane 
reinforcement. 
There are a number of empirical methods of estimating k0 
available in literature. Jaky (1948) proposed an equation of form: 
k0 = 1 - Sin $' 8.1 
Later researchers, e.g. Wroth (1979), Myslivec (1972) and Brooker 
and Ireland (1965) , suggested that 
k0 = 0.95 - Sin $' 8.2 
would be more appropriate for normally consolidated clay. Using the 
average value of $' obtained in Section 6.2.2, k0 is given by 
Equation 8.2 as 0.6. Both Brooker and Ireland (1965) and Alpan (1967) 
attempted to relate the coefficient k0 to the soil's plasticity index 
(PI) and produced the following relationships: 
Brooker and Ireland: k0 = 0.4 + 0.007 PI 
Alpan: k0 = 0.19 + 0.233 log PI 
8.3 
8.4 
The k0 values suggested by the 17% plasticity index of Keuper 
Marl are 0.519 and 0.477, respectively. The value of k0 obtained 
by the use of the instrumented membrane was well within the range 
suggested by the empirical relationships. 
Using the k0 information obtained from the instrumented membrane 
the simple shear consolidation data can be presented on the v- lnp' 
plot alongside the triaxial data, Figure 8-2. The mean normal 
effective stress p' can be rewritten 
p' = (1 + 2k0 lavc 
3 
Tile k0 line plots to the left of the isotropic normal 
consolidation line, due to the deviator stress, q = (1 - k0 )a' , VC 
present after consolidation. 
The simple shear swelling line is drawn parallel to the 
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swelling line obtained for the triaxial data. The range of data for 
overconsolidated samples is also plotted on Figure 8-2 and can be 
seen to follow this swelling line quite closely. 
8.3 MONOTONIC SIMPLE SHEAR TESTS 
Tests were performed by two different methods, described in 
detail in chapter five1 undrained shear with pore pressure measurement, 
and 'constant volume' shear with changing vertical load. Under the 
conditions of the latter test the assumption that the change in 
vertical stress is equivalent to the change in pore pressure under 
undrained conditions .would be valid only if the sample acted as a 
homogeneous mass. However it has been shown by a number of researchers 
e.g. Duncan and Dunlop (1969) and Lucks et al. (1972) that non-
uniformities do occur. In the words of Prevost and Hoeg (1976) 
"it is not possible in general to run a constant volume test which 
is identical to an undrained test in a simple shear device". Wood 
(1976) agrees that the "control of overall volume does not guarantee 
undrained behaviour". 
In the early stages of the project a number of tests were 
performed according to this method and those tests have been termed 
"constant vertical height" or CVH tests to avoid any implied 
acceptance of the assumption that the change in vertical stress and 
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the change in pore pressure are equivalent. 
Twelve samples were sheared in a normally consolidated state, 
of which four were brought to failure by the 'constant vertical 
height' (CVH) method. A further four tests were performed, under 
undrained conditions, on lightly overconsolidated samples. 
In the first test, Figure 8-3, sample SSl was tested undrained 
but unfortunately the pore pressure transducer failed to register. 
This was believed to be due to the fact that the pore pressure 
transducer was positioned some distance from the base platen. There 
was, therefore, a considerable length of tubing in which air pockets 
could be trapped and the pore pressure readings adversely affected. 
The efficiency of pore pressure measurement was improved by reducing 
the drainage path considerably and bringing the transducer into 
contact with the soil, as reported by Conn and Hyde (1983). In tests 
SS2 to SS5, inclusive, the samples were sheared by the CVH method. 
The remaining tests (SS6 to SS14, SS23 and SS24) were performed 
undrained. , The pore pressure in each case was successfully measured 
using a Druck miniature pore pressure transducer. The stress-strain 
curves for the tests performed are presented in Figures 8-3 to 8-18. 
8.3.1 Stress-Strain Behaviour 
The stress-strain curves for all monotonic tests are presented 
together in Figures 8-19 to 8-21. The CVH test results exhibit a 
peak shear stress which reduces to a residual value. The undrained 
tests on normally and overconsolidated samples reach an asymptotic 
limiting shear strength. If the shear strength is normalised with 
respect to the vertical consolidation stress before shear it may be 
stated as a Tf/o' ratio. The Tf/o' ratio for normally consolidated 
VC VC 
samples falls between 0.26 and 0.277 for the CVH tests and between 
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0.248 and 0.42 for undrained tests. These results are rather larger 
than the values obtained by Ladd and Edgers (1972) for work on 
Boston Blue clay, a material with similar index properties to 
Keuper Marl (LL = 42%, PL = 20%). There was a disappointingly large 
range of results for tests performed under undrained conditions. 
A closer study of a number of the tests may justify some reduction 
in this range. 
Tests SS6, SS12, SS13 and SS14 all exhibited shear strength 
ratios within the range 0.248 to 0.29, notably very close to those 
for CVH tests. Shear strength ratios for SS7, SS23 and SS24 were 
larger, in the range 0.34 to 0.42. Sample SS7, Figure 8-9, had a 
shear strength very much larger than the average. The stress-strain 
curve shows a discontinuity at a strain of 2.5%. Also at this point 
the rate of pore pressure production began to decrease. The output 
from the instrumented membrane, although smoothed on the Figure 
appeared quite erratic. This response is believed to be due to the 
membrane reinforcement "snagging" on the edge of the platen. The 
measured load therefore included a considerable proportion of load 
carried by the membrane. Such a situation may also have caused 
the membrane to be stretched away from the sample and the resulting 
increase in sample volume would cause a decrease in measured pore 
pressure. It was felt therefore that SS7 did not reflect the true 
behaviour of a soil sample under simple shear conditions. 
Tests SS23 and SS24 were performed later in the test series 
to observe the simple shear behaviour at lower consolidation stresses. 
In both cases the shear strength was larger than previous tests on 
normally consolidated samples had suggested. Also, the pore pressure 
response was smaller. In each case the moisture content of the sample 
was less than one might expect. Sample SS24 had an average moisture 
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content of 22.1% at a vertical consolidation pressure of 150 kPa. 
This was much lower than that of sample SSl, under precisely the 
same conditions; and lower, also, than SS2 and SS3 despite the fact 
that these tests were performed under drained conditions. Sample 
SS23 had the same moisture content as SSl although its consolidation 
history would suggest that a larger moisture content was more 
appropriate. These discrepancies are believed to be due to the fact 
that the consolidation periods for SS23 and SS24 were much longer than 
necessary, thus allowing some degree of secondary consolidation. 
The remaining samples (SS6, SS12, SS13 and SS14) show most 
clearly the response of normally consolidated soil to undrained 
simple shear test conditions. 
The CVH tests SS2 to SS4 were reasonably consistent. However 
SSS, Figure 8-7, exhibited discontinuities in both shear stress and 
'change in vertical stress' at a low strain (2 - 4%). It is felt that 
this was due to the crosshead slipping at the start of the test. 
Four tests were performed on lightly overconsolidated samples 
and the results of the tests are presentedinFigures 8-10 to 8-13. 
All tests were performed under undrained conditions with pore pressure 
measurement. There appears to be excellent repeatability of results, 
despite a small amount of platen slippage in tests SSlO and SSll. 
All samples were taken to the same maximum vertical consolidation 
stress, a~max• of 200 kPa. The shear stress at failure was 
inversely proportional to the overconsolidation ratio. However, when 
quoted in terms of the final consolidation stress, a' 
vc' 
the apparent 
strength ratio, Tf/a , increased in proportion to the OCR. For 
VC 
example, with samples of OCR2, Tf/0 ' was 0.43 and 0.44 at failure, VC 
while for OCR4 samples the ratio increased to 0.59. These results 
are again close to but slightly lower than those for Boston Blue 
Clay, (Ladd and Edgers, 1972). 
184 
8.3.2 Moisture Content 
The moisture content of the sample was determined after each 
test. It was determined separately for the inner and the outer 
portion of each sample. It was hoped that any significant variation 
in moisture content could then be noted. In all but two cases the 
moisture content for normally consolidatedsampleswas larger for the 
inner part than for the outer. This was due, it is believed, to 
~ 
inadequate sample drainage which allowed moisture to accumulate at 
the drainage disc in the bottom platen. 
The moisture content redistribution may also have been due, to 
some extent, to a progressive sample failure of the kind described 
by Duncan and Dunlop (1969) . They made a study of the Cambridge 
simple shear and reported that failure started at points near the 
ends of the sample and progressed towards the centre until the 
sample was totally disturbed. If sample disturbance caused a build 
up of pore pressure then this may have been accompanied by a degree 
of moisture content redistribution from points of higher pore 
pressure (the outer part) to less disturbed points of slightly 
lower pore pressure (the inner part). As a result one might expect 
slightly higher moisture content measurements at the centre of 
normally consolidated simple shear samples at failure. 
Again, for overconsolidated samples, in three out of the four 
tests the moisture content was larger for the inner portion than the 
outer. In this case it may have been a result of the overconsolidation 
process where water was sucked back towards the sample, but was given 
insufficient opportunity to permeate the soil. 
A back pressure may have helped to distribute the water content 
more evenly, but, since the applied stresses on the soil were small, 
and limited by the membrane strength, the equipment arrangement in 
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the simple shear device inhibited the application of any useful degree 
of back pressure. 
8.3.3 Pore Pressure Response 
In the absence of a simple shear equivalent to the triaxial 
B-value, there was no available method of determining the degree of 
saturation of a sample in the simple shear apparatus. The precautions 
taken to prevent air pockets being trapped during sample preparation 
have been described in detail in Chapter Five. It is felt that 
these were sufficient to ensure reasonable sample saturation and 
uniform pore pressure distribution throughout the sample. 
The pore pressure was measured successfully using a Druck 
miniature pore pressure transducer set in the centre of the top 
platen. It was saturated and re-calibrated before each test. 
Figure 8-22 presents the pore pressure responses of four undrained 
simple shear tests on normally consolidated samples compared with 
the change in vertical stress of a test performed under CVH conditions. 
These results appear to suggest that the CVH method underestimates 
the pore pressure produced by simple shear stress conditions. 
Bjerrum and Landva (1966) presented the data from one undrained 
test to support their assertion that the results from CVH and 
undrained tests are identical. Later, Vucetic and Lacasse (1984) 
presented the data from triaxial tests which they claimed gave 
further support to the assertion. However they made no attempt to 
justify the implicit assumption that behaviour under triaxial 
conditions is identical to behaviour under simple shear conditions. 
The results presented above suggest that the data from CVH tests 
cannot be treated as equivalent to truly undrained tests. 
The normally consolidated samples produced positive pore 
pressures of between 51 and 81 kPa during shear. For overconsolidated 
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samples the response was very much different. After first decreasing 
to a maximum negative value of between -3.5 and -8.5 kPa at a strain 
of approximately 2% the pore pressure returned to zero by the end of 
the tests on samples of OCR 2. Samples of OCR 4 produced similar 
maximum negative pore pressures (-10 to -13 kPa) at strains of 3 to 
4%. These did not return again to zero but remained, at the end of 
the tests, at approximately -5 kPa. 
8.3.4 ~- crv Stress Paths 
The results of simple shear tests are frequently presented in 
stress path form. The axes generally chosen are horizontal shear 
stress, T, and effective vertical stress, cr~. The results of the 
' 
monotonic simple shear tests performed are presented in Figure 8-23. 
The tests performed on samples of OCR 2 and OCR 4 are shown by broken 
lines. 
As evidenced by the stress-strain curves, discussed previously, 
there is a good deal of sample scatter in the results from the simple 
shear device. A number of trends can be distinguished, however. 
Firstly, all normally consolidated samples reached a failure state at 
some point close to a line running through the origin of the ·axes. 
The results obtained from the Keuper Marl tested during the present 
project suggest a failure line rising at an angle~· of 22.60 to the 
crv-axis. 
Dyvik and Zimmie (1982), for tests on Gulf of Alaska Clay (LL = 
50%, PL = 27%) observed a ~· value of approximately 25°. The stress 
paths of Boston Blue Clay presented by Ladd and Edgers (1972) show a 
similar value of ~· at the point of maximum shear stress, 20.6°. 
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In contrast to both Dyvik and Zimmie and the present project, 
Ladd and Edgers reported a considerable drop in shear stress accom-
panied by an increase in the apparent angle of friction. It is 
interesting to note that their final angle of friction, 32.4°, 
compares well with that derived from the slope of the critical state 
line for triaxial compression of Keuper Marl (Section 6.2.2): 
Sin $' 3M = = 6 + M 
$' = 30.46° 
3(1.22) 
7. 22 = 0. 507 
The overconsolidated sample stress paths ended at points above 
this $'-line. Since all samples tested were taken to the same 
maximum consolidation pressure, the samples of different stress 
histories had different specific volumes .. In order to relate the 
results from different stress histories some method of data 
normalisation was necessary. 
The normalising factor chosen was the equivalent vertical stress, 
Ove• the vertical stress applied to a normally consolidated sample 
of the same void ratio as the sample under consideration. The 
effective vertical stress can be obtained from the relationship 
below and Figure 8-2: 
= 
3 
(1 + 2k )p' 
0 
8.5 
The values of Ove relevant to OCR 2 and OCR 4 are shown in 
Fi'lure 8-2. 
Figure 8-24 presents the normalised stress paths for over-
consolidated samples. The average path for normally consolidated 
samples is presented as a solid line. A cohesion intercept is 
apparent and the resulting angle of friction $hs = 10.0° is consider-
ably less than the $' inferred by the triaxial results, Section 6.2.2. 
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8.3.5 Principal Stress Representation of Simple Shear Results 
The principal stress space has been discussed in Chapter Two. 
In order to plot the stress paths of samples under simple shear 
conditions within this framework an attempt was made to discover the 
principal stresses present in the sample during shear. The stresses 
applied during simple shear are shown in Figure 8-25a. Since the 
inside of the reinforced membrane was greased during sample 
preparation, no complementary shear stresses could occur on the sides 
of the sample. It was assumed, however, that an element at the centre 
of the sample would be subject to the combination of stresses 
described in Figure 8-25b. It was further assumed that the radial 
stress ar, measured by the instrumented membrane, could be regarded 
as a 2 , the intermediate principal stress. 
The major and minor principal stresses were derived from a 
Mohr's circle construction, Figure 8-25c. In algebraic terms the 
principal stresses can be written as: 
[av + ar] + /(av arl ' + ,. 8.6 a, = 
2 4 
a, = a,.. 8.7 
[av + ar] I (av arl ' + t' a, = 8.8 2 4 
The equations above are quoted in terms of total stresses. 
The effective principal stresses were found simply by subtracting 
the measured pore pressure. 
In principal stress space the failure of isotropically normally 
consolidated soil samples may be defined by reference to some three 
dimensional surface set around the space diagonal, the line where 
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o
1 
= a
2 
= o
3
, Figure 8-26a. Since, during triaxial shear, o 2 remains 
equal to a,, the stress paths travel on a plane defined by the space 
diagonal and the a 1 -axis. The two lines produced by the intersection 
of this "triaxial plane" and the failure surface represent the 
points of failure for triaxial compression and extension. 
Overconsolidated samples travel above this line and back toward 
some particular failure, or critical state, point relevant to the 
sample's specific volume, Section 6.2.2. The yield surface produced 
in this fashion is unique for each specific volume, Figure 8-26b. 
Note that the origin of the surface does not coincide with the inter-
section of the a 1 , a 2 and a, axes. The lines of intersection of this 
yield surface and the triaxial plane produce the Hvorslev surfaces 
described in Section 6.2.2. The yield surface is completed by a 
dome of some form along which the stress paths of normally consolidated 
samples travel during shear, Figure 8-26b. 
It is common, when dealing with principal stresses, to refer 
to principal stress invariants. In the critical state theory of 
soil mechanics the invariants are termed p' and q'. In their most 
general form: 
p' = (a 1 ' +a 2 ' +a,')/3 8.9 
q' = 8.10 
p', the mean effective principal stress, is a measure of the 
distance of the stress point along the space diagonal. q', the 
deviator stress is a measure of the perpendicular distance of the 
stress point from the space diagonal. For triaxial conditions, 
whe~e a
2 
=a,, the equations simplify to the previously quoted 
forms: 
p' 
q' = 
(a; + 2a;)/3 6.2 
6.1 
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Under simple shear conditions, however, a 1 does not remain equal 
to a, and so the more general forms of the equations must be used. 
A failure criterion frequently regarded as appropriate to soils 
is that of Mohr-Coulomb. The fact that $' is apparently the same for 
both triaxial extension and compression, Section 6.2.2, indicated 
that it may apply in the present case. When represented in three 
dimensions the Mohr-Coulomb yield surface takes the form of a boundary, 
hexagonal in section and symmetrical about three planes, defined by 
the space diagonal and the three axes a 1 , a 2 and a, 
Figure 8-27 presents a section through the surface on a plane 
perpendicular to the space diagonal. The peak points are given by 
the positions of the Hvorslev surfaces in compression and extension. 
The section has been normalised with respect to the position of the 
Hvorslev surface in compression. 
In terms of Figure 8-27 isotropically consolidated triaxial 
samples start their stress paths at point 0, on the space diagonal 
and travel to failure at either point A, in compression, or point B, 
in extension. Anisotropically consolidated simple shear samples, 
however, start off at some point on the AB-axis. The precise 
position depends upon the soil's k0 -value and therefore the amount 
of deviator stress present at the end of the consolidation stage. 
During shear, when a 2 is no longer equal to a,, the simple shear 
stress path moves off the triaxial plane and towards some point on 
the boundary. 
During shear the pore pressure and stress changes cause the 
effective stress path to move along the space diagonal. In order 
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to present the simple shear stress paths in two dimensions the data 
has been normalised with respect to the Hvorslev surface in compression. 
The value of qe is defined as the value of q on the Hvorslev surface 
at the p' value of the soil, Figure 8-28. The stress paths presented 
in Figures 8-29 and 8-30 have been normalised and represent the 
position of the stress path in relation to the yield surface. During 
the shear of normally consolidated samples positive pore pressures 
are produced. These cause p' and therefore qe to reduce. The 
deviator stress increases during shear and so at failure the stress 
path and yield surface should coincide. 
8.3.6 Discussion of Principal Stress Behaviour in Simple Shear 
Figure 8-29 presents the results of monotonic shear on normally 
consolidated samples. Samples SS12 and SS13 appear to fail on the 
Mohr-Coulomb failure surface. The stress path for SS14 exhibits 
a non-uniform path and fails to reach the failure surface. Samples 
SS23 and SS24 whose shear strengths 'f were larger than their stress 
histories suggested have failed at points outside the envelope. 
The paths also appear to travel in an arc rather than the reasonably 
straight paths followed by SS12 and SS13. 
Figure 8-30 presents the stress paths followed by overconsolidated 
samples. The paths all start much closer to the space diagonal and 
travel along a rather straight but steeper path than the normally 
consolidated samples. All the paths, however, failed to reach the 
failure surface. This was due, it is felt, to slippage between the 
sample and the platen. The system of concentric grooves on the 
platen surface was not a successful method of securing the sample. 
The bottom platen surface was changed during the course of the 
research. The later surface finish, two series of v-shaped grooves 
set at 90° to each other, was much more successful in securing the 
sample to the platen. Where slippage was observed it invariably 
occurred between the sample and the top, original, surface con-
figuration. 
192 
A number of points may be made about the principal stress 
representation of the simple shear test results. Firstly, although 
the results from the compression and extension tests exhibited a 
similar $' at failure and thereby suggested the Mohr-Coulomb 
failure criterion the triaxial data are far from conclusive. The 
possibility exists, and was discussed in Section 7.3.1, of a 
significant error due to the necking of triaxial samples in extension. 
The corrected increased shear strength in extension, if not accompanied 
by an equivalent increase in compression shear strength, ,would suggest 
that perhaps the extended Tresca or von Mises criteria might be 
more representative. However, without reliable lateral strain data 
the full extent of the error cannot be quantified. 
Secondly, the absence of complementary stresses on the edges 
of the sample will doubtless lead to the presence of discontinuities. 
The stress system assumed for the elemental cube may be far from 
representative of the stress state of the majority of the soil 
sample. 
There is also some debate as to whether the membrane measured 
a 2 , or some combination of both a 2 and a,, during shear. The 
research reported in Section 2.4.4 suggests that the true stress 
state during simple shear is considerably more complicated than this 
analysis supposes. 
The fact that the stress paths coincide with the yield surface 
in Figure 8-29 seems to be more a result of (a) an underestimate of 
the triaxial strength in extension, (b) an underestimate of simple 
shear strength due to platen slippage, and (c) the doubtful assumption 
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that or is entirely equivalent to a,. Figures 8-29 and 8-30, 
therefore, do not offer conclusive proof that the principal stresses 
in a soil sample subject to simple shear may be derived from the use 
of an instrumented membrane, nor that the results from both the 
simple shear and the triaxial test can be presented in a common 
principal stress framework. They do show, however, that such a 
relationship may indeed exist. What is clear, though, is that even 
with an instrumented membrane the NGI device is not a suitable 
medium for such research. The main advantage of the NGI simple 
shear device remains its similitude to actual site conditions. 
To expect it also to be an ideal research tool is to demand rather 
more than was ever intended of the device. 
8.4 CYCLIC SIMPLE SHEAR TESTS 
A series of two-way cyclic simple shear tests were performed 
on normally consolidated samples. The two-way loading, illustrated 
in Figure 8-31, involved a rotation of principal stresses, rather 
than the sudden 90° stress reversal evident in two-way cyclic 
triaxial tests. The soil samples were subject to a range of stress 
levels, defined as the ratio of the peak applied cyclic shear stress 
and the shear stress at failure of a sample of identical stress 
history subject to monotonic simple shear. 
The results of the tests are discussed in terms of the 
horizontal shear stress and vertical effective stress, although 
mention is also made of the behaviour of principal stresses. Pore 
pressures were, in most cases, successfully monitored using the 
miniature pore pressure transducer. 
8.4.1 Cyclic Strain Behaviour 
Strain was measured as the horizontal displacement divided by 
the sample height. Horizontal displacement was measured at the base 
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of the sample and required no correction. Since, during the 
undrained tests, the sample height was not fixed it was monitored 
continuously. Allowance was made for change in sample height during 
shear. 
The shear strain development during cyclic tests at various 
stress levels are presented in Figures 8-32 to 8-39. Stress levels 
below 0.45 caused some small amount of strain but did not produce 
failure with 10,000 cycles. Samples subject to stress levels above 
0.45 failed with less than 10,000 applications of load. 
Figures 8-35 to 8-38 show the behaviour of those samples which 
failed in cyclic loading. As with the triaxial tests, discussed 
previously, the duration of the test was related to the applied 
stress level. Fewer cycles of load were required to cause failure 
at larger stress levels. A certain asymmetry is evident in the 
strain accumulation plots. This was due to the asymmetric nature 
of the applied shear load, as demonstrated by the section of the 
chart record for test CSS8, reproduced in Figure 8-40. Unsuccessful 
attempts were made to rectify the lack of symmetry. The more severe 
effects of the flatter half of the cycle are explained by Lee and 
Focht (1976) in terms of creep. Though the peak stress value is 
the same for both ends of the cycle the proportionally longer period 
spent at one extreme allow some small amount of creep to occur. 
NGI (1975) reported a similar asymmetry of strain without comment. 
It is difficult to imagine how such a lack of symmetry in strain 
response can occur unless provoked by an unbalanced load or a non-
uniform sample. 
Figure 8-41 presents the data from two-way triaxial and simple 
shear tests on normally consolidated material. The points show the 
number of cycles required to produce 3% peak strain at stress levels 
above the critical value. The stress levels have been quoted in 
terms of shear strength. The comparison does not hold up to very 
close scrutiny since the samples in the triaxial tests were 
isotropically consolidated while those in the simple shear were 
consolidated under k0 conditions. However it does appear that the 
complete stress reversal suffered during the triaxial tests had a 
more severe effect than the principal stress rotation caused by 
cyclic simple shear. 
Results published by NGI (1975) and also presented in Figure 
8-41 follow a similar trend. Though the material was different 
(Drammen Clay; LL = 55%, PL = 28%) the effect of two-way triaxial 
loading was again more severe. 
8.4.2 Pore Pressure Behaviour 
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The pore pressure response of tests at different stress levels 
are presented in Figure 8-42. There. was a clear difference in 
behaviour between those samples which failed in cyclic loading and 
those which did not. Tests CSS8, 10, 11 and 12 failed in cyclic 
loading at stress levels of between 0.45 and 0.6. The number of 
cycles to failure reduced as the stress level increased. The rate 
of pore pressure production, presented in Figure 8-43, indicates 
that the pore pressure rate for tests CSS8, 10 and 11 decreased 
until, at some point close to failure, an increase in rate took 
place. The pwp rate for CSS12 was more or less constant for the 
brief duration of the test. 
Samples CSS2, 3, 7 and 13, which survived 10,000 cycles of 
load, accumulated pore pressure at a declining rate for the duration 
of the tests. This, again, is shown by Figure 8-43. The samples 
which survived for longer periods showed some degree of pore pressure 
dissipation at later stages of the tests. This was due to water 
being expelled from the soil after many repetitions of load and 
gathering between the membrane and the soil or at the edges of the 
reinforcement, between the membrane and the bottom platen. The 
latter explanation would accord well with the noted drop in pore 
pressure and the observed drop in membrane output. In order to 
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avoid such behaviour it is recommended that tests which run beyond 
1000 cycles of load should be stopped and post-cyclic shear performed 
before serious pwp dissipation occurs. Little else, other than the 
dissipation of pwp, appears to occur during the period between 1000 
and 10,000 cycles. The strain, e.g. Figure 8-32, shows negligible 
change over the duration of the last 9,000 cycles. 
The pore pressure rate plots in Figure 8-43 have been normalised 
with respect to a Pe value of 168 kPa, obtained from Figure 8-2 and 
assuming k0 = 0.52. Unlike the results from triaxial tests on 
normally consolidated material no clear linear relationships emerge. 
The plots coincide for the early stages of all the tests - with the 
exception, as stated earlier, of test CSS12. As the samples approach 
failure the pore pressure rate plots turn around and begin to increase. 
Samples which did not fail in cyclic loading have rate plots which 
continue to decrease. They cross each other's path, which leads 
one to suggest that perhaps no great loss of accuracy would ensue 
if one average line were to be drawn through all the sub-failure 
points. 
The rate plots fall within the fan produced by the two-way 
cyclic triaxial tests performed on the same material and discussed 
in Chapter Seven. The triaxial stress levels have been quoted in 
terms of qf rather than Pe• for easier comparison with the si~ple 
shear stress levels. Since the maximum repeated shear stress applied 
during the simple shear series was larger than that applied during 
the triaxial series the limiting gradients of the fan have been 
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calculated from Figure 7-36. This appears to suggest that, to some 
extent, the rate at which pore pressure is produced is not 
significantly dependent upon the type of test. 
8.4.3 1- crv Stress Paths 
Figures 8-44 and 8-45 show the effective stress paths of cyclic 
simple shear tests on stable and unstable samples, respectively. The 
limiting stress level of 0.45 is evident. Repeated shear stresses on or 
above this level produce failure within 1000 cycles. Repeated stresses 
less than this level, with the exception of test CSS6, reach a state of 
stability within 10,000 cycles. The failure of test CSS6 was due to a 
drift in repeated load, which caused the stress level to increase above 
the CLRL. 
A smooth curve (A-B) can be drawn on Figure 8-44 to relate the 
end points of the stress paths for stable samples. This enables the 
end points of the stress paths of intermediate stress levels to be 
predicted. The non-linearity of the pore pressure rate plots, Figure 
8-43, make a mathematical representation of pore pressure accumulation, 
similar to Equation 9-4 obtained for two-way triaxial tests, very 
difficult. In view of the relatively poor correlation of the data of 
Figure 8-43 a detailed mathematical analysis is unjustified. 
The stress paths of samples which failed in cyclic loading travel 
to some point beyond the failure line obtained for normally 
consolidated samples and well below the c'-$' line obtained from 
the results on overconsolidated samples, Figure 8-24. The stress 
paths from CSS6 and CSS12 do not appear to travel as far as the 
other four samples at failure. The long duration of test CSS6, as 
disCussed previously, may have allowed some pore pressure dissipation 
to have occurred. There is no continuous record of pore pressure 
available for the test from which to measure the largest 
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pore pressure present. Sample CSS12 at the largest stress level 
failed within 40 cycles and insufficient time was available for the 
pore pressure to equalise. After the test the pore pressure 
continued to increase for some time and the final position is plotted 
on Figure 8-45. Similarly an increase in pore pressure was observed 
for most samples after completion of the tests and the final 
positions of these stress paths are also plotted. 
For the samples to fail on the c'-~' line a pore pressure in 
excess of the effective vertical stress is necessary. Alternatively, 
it is possible that the c'-~' line is incorrect. There is a margin 
for error, in view of the limited amount of data from which the line 
is constructed. A possible curved failure line has been drawn 
between the c'-$' line and the origin. 
8.4.4 Paths in Principal Stress Space 
The lateral stresses were monitored during cyclic tests on 
normally consolidated samples. During the tests the total lateral 
stress increased. However pore pressure increased at a greater rate 
and so the effective lateral stress was reduced as a result of cyclic 
loading. Dyvik and Zimmie (1982) noted similar behaviour during 
cyclic loading on a number of undisturbed clays. Since the total 
vertical stress was kept constant the increase in pore pressure also 
resulted in a decrease of the effective vertical stress. 
An attempt was made to display the cyclic behaviour of the soil 
in terms of effective principal stresses. The method described in 
Section 8.3.5 was again adopted. The lateral stress was taken to be 
the intermediate principal stress, cr2. cr1 and cr3 were calculated by 
the Mohr's Circle construction in Figure 8-25c. An analysis of the 
results of test CSS9 are presented diagrammatically in Figure 8-46. 
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The boundary in Figure 8-46 represents the position of the 
yield surface at cycle 10. As the test progressed the total deviator 
stress decreased while the change in deviator stress, represented by 
the length of the path, increased. The angle through which the 
stress path deviated from the triaxial plane increased during the 
course of the test. 
Sample CSS9 failed in cyclic loading. One would expect the 
stress path to coincide with the yield surface at the end of the 
test. In order to investigate this the data in Figure 8-46 were 
normalised, in the manner described in Section 8.3.5. The results 
appear as Figure 8-47. By the end of the test the stress path was 
almost completely outside the yield surface. 
The most likely explanation for this behaviour is an under-
estimate of the lateral stress. The dependency of the normalised 
deviator stress on cr2 is best illustrated by reference to Figure 8-48. 
If one assumes the stresses in Figure 8-48a to be correct the lower 
value of a2 in Figure 8-48b gives rise to a larger value of q and a 
lower value of p. Since the normalising factor q9 is proportional to 
p the lower value of p will produce a smaller qe. The q/qe ratio 
would therefore be doubly increased by the error in crz. 
8.5 POST-CYCLIC SIMPLE SHEAR STRESS 
All samples which did not fail in cyclic loading were subjected 
to monotonic simple shear. If the sub-failure cyclic loading had 
resulted in some degree of permanent strain, e.g. CSS13, the post-
cyclic test was performed in the same direction. The repeated 
loading does not appear to affect the shear strength though some 
slight stiffening of the soil appears to occur. 
8.5.1 Stress-Strain Behaviour 
The stress-strain curves for the post-cyclic tests are 
presented as Figures 8-49 to 8-53. The shear stress increased to 
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a maximum then dropped back to a residual value in three tests. In 
the other two tests the shear stress had still not peaked by 20% 
strain. The secant moduli, on average, were larger than those 
obtained for monotonic tests on samples with no cyclic loading. 
The lateral stress, which had increased during cyclic loading 
continued to increase during post-cyclic monotonic shear. The final 
values at the end of the post-cyclic tests were in the range of 
170 to 190 kPa, close to the value of the total vertical stress. 
This is slightly larger than the lateral stresses observed at the 
end of monotonic simple shear without cyclic loading, which were 
generally in the region of 75% of the vertical consolidation stress. 
The pore pressures developed, also shown in Figures 8-49 to 
8-53, show quite a different response to normally consolidated samples 
not subject to cyclic loading. Less pore pressure was produced 
during the tests than was produced by monotonic shear tests on 
samples of identical stress history. However, when viewed in terms 
of the total pore pressure produced since the end of the consolidation 
stage the final pore pressure was within 10 kPa of the average 
produced during the initial monotonic test series. 
As with the triaxial tests the cyclic loading appears, in 
sub-failure tests, to anticipate the pore pressure production in 
monotonic tests. Larger stress levels below the critical value 
produce more pore pressure during cyclic loading. Subsequent 
monotonic shear produces varying degrees of pore pressure response 
with the end result that the stress path for all post-cyclic tests 
end at much the same value of effective vertical stress. Figure 8-54 
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shows the post cyclic stress paths in terms of horizontal shear stress 
and effective vertical stress. It is quite clear that the repeated 
loading has no effect on the shear strength of the soil under simple 
shear conditions. 
8.5.2· Paths in Principal Stress Space 
As with Section 8.3.5 an attempt was made to describe the' 
simple shear response in terms of principal stress space. The result 
is presented in Figure 8-55. 
None of the stress paths succeed in reaching the boundary. 
All the paths start off on a straight path towards the boundary. 
The starting points are determined by the lateral stress and the pore 
pressure and are within the range of starting points for tests on 
normally and lightly overconsolidated samples, Figures 8-29 and 8-30 
respectively. Though one might expect the change in lateral stress 
to be governed by level of repeated loading no clear pattern is 
apparent. Table 8-2 shows the pore pressure and lateral stress at 
the end of the cyclic loading stage. The lateral stresses for samples 
SS17C and SS20C, out of sequence in Figure 8-55, appear lower than 
one might expect. The pore pressures generally appear to follow the trend 
indicated in Section 8.4.2 of greater pore pressures produced by 
larger stress levels. 
The principal stress invariants do not appear to accurately 
describe the post-cyclic simple shear behaviour. They are too 
dependent on readings from the calibrated membrane, which does not 
appear to be sufficiently reliable. 
8.6 THE INSTRUMENTED MEMBRANE 
The instrumenting of the reinforced section of the simple 
shear membrane was not an original idea. Floess (1979) made use of 
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an instrumented membrane during a research project on a number of 
soils. The results were presented in more detail and discussed in 
later papers, Dyvik and Zimmie (1982) and Dyvik, Zimmie and Floess 
(1981). Berre (198lb) explains the procedure involved in calibrating 
and using the membranes. 
The purpose of the present study was to assess the value of 
such instrumented membranes. The preparation and calibration of the 
membrane are relatively straightforward. The problem arises in 
attempting to decide what, in fact, the membrane is measuring. 
During consolidation, provided one is reasonably confident that it 
has been zeroed correctly, the output gives a reasonable estimate 
of the lateral stress, and therefore an estimate of the k0 value of 
the soil. This is not a precise value since, as reported in 
Section 8.2, some small degree of lateral strain occurs. It does, 
however, give an estimate that is within the range of values 
predicted by commonly quoted empirical relationships. 
Such a method of measuring k0 is limited to reconstituted or soft 
materials, and so for 
endure. 
stiffer soils the empirical methods must 
During monotonic shear the relationship discussed in Section 8.3.5 
seems a reasonable estimate of the stresses prevailing somewhere 
close to the centre of the sample. Attheedges, however, the stress 
state is considerably more complicated. Again, though, unless one 
is confident of the in situ k0 value of the soil the instrumented 
membrane's use is limited to reconstituted material. 
The major criticism comes with the use of the instrumented 
membrane in cyclic load tests. The dissipation of pore pressure caused 
by the migration of water from the sample to the unreinforced region of 
the membrane disturbs the lateral stress measurement. The principal 
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stress representation of Section 8.3.5 is of limited value for cyclic 
loading or post-cyclic shear. Though the pore pressure dissipation 
is in part responsible the main criticism is of the lateral stress 
measurement. 
In conclusion, the instrumented membrane has been found to be 
successful in measuring the lateral stresses of reconstituted soil 
samples anisotropically consolidated in the simple shear device. It 
has also been successfully used to monitor the change in lateral 
stress of reconstituted samples subject to monotonic simple shear. 
Its use is not recommended for undisturbed soils, or for cyclic 
tests. 
Vertical Lateral Membrane 
Stress, a' VC Stress, or Strain, .<m Tf 
Test No. kPa kPa Ko % kPa 
SSl 144 60 0.42 _(!) 46.1 
SS2 CVH (2) 144 80 0.56 2.0 36.1 
SS3 CVH 144 77 0.53 3.1 39.2 
SS4 CVH 192 117 0.61 0.1 53.2 
SS5 CVH 192 126 0.66 1.4 49.1 
SS6 192 59 0.31 1.1 55.8 
SS7 192 128 0.67 0.4 77.3 
SS8 lOO (OCR2) 94 0.94 0.76 43.8 
SS9 50 (OCR4) 84 1.68 0 29.2 
SSlO 50 (OCR4) 44 0.88 0.66 29.3 
SSll 100 (OCR2) 89 0.89 0.94 43.1 
SS12 192.4 96.9 0.5 0.8 47.8 
SS13 191.5 97.3 
. 
0.51 0.6 47.9 
SS14 197.3 104.3 0.52 2.35 50.8 
SS23 95.7 38.7 0.4 0 32.6 
SS24 144.4 81.1 0.56 0.3 51.4 
(1) No measurement of volume change during consolidation 
(2) Test by Constant Vertical Height (CVH) Method 
Table 8-1 Monotonic Simple Shear Test Data 
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Moisture 
Es Content 
MP a % 
2.88 23.6 
4.0 23.5 
3.56 22.7 
3.41 22.6 
2.66 22.5 
2.33 23.5 
1.20 22.1 
2.78 22.85 
1.46 23.8 
1.87 24.2 
2.39 23.8 
2.47 23.6 
2.64 23.2 . 
2.41 23.0 
2. 71 23.6 
4.36 22.1 
·-------------------------------------------------------------------
Vertical Lateral 
(1) Stress~ 0 vc Stress, "r Test No. kPa kPa Ko 
CSSl (SS15C) 193 112.2 0.58 
CSS2 (SS16C) 192.6 100 0.52 
CSS3 (SS17C) 192.4 96.6 0.5 
CSS6 192.7 103.8 0.54 
CS 57 (SS20C) 193.6 61.5 0.32 
esse 191.8 - (2) -
CSS9 192.8 87.5 0.454 
CSSlO 193.3 52 0.27 
CSSll 192.7 92.3 0.48 
CSS12 193.4 90.6 0.47 
CSS13 (SS21C) 193.5 89.2 0.46 
(1) Post-cyclic test number in brackets 
(2) No successful record of lateral stress 
Membrane 
Strain, •m 
% 
0.58 
0.64 
1.06 
1.5 
0.66 
1.08 
0.23 
0.72 
1.01 
0.86 
0.6 
Table 8-2 
Stress Pwp at end Lateral Stress Post-cyclic Moisture 
Level No. of Cycles of cyclic stage end of cyclic stage Strength Content Es 
Tcyc/Tf to Failure kPa kPa kPa % M~a 
0.2 - 40 139 44.2 23.9 6.11 
0.2 - 42 134 47.0 23.4 4.1 
0.3 - 60 130 53.1 22.8 3.88 
0.4 6000 142 158 - 23.1 -
0.4 - 92 123 52.9 22.2 5.23 
0.5 300 150 83 - 21.55 -
0.5 200 150 155 - 22.9 -
0.45 440 147 155 - 22.65 -
0.55 120 144 149 - 22.4 -
0.6 20 117 165 - 22.45 -
0.35 - 61 129 53.8 22.45 4.21 
Cyclic and Post-cyclic Simple Shear Test Data 
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FIGURE 8-3: SIMPLE SHEAR TEST DATA, TEST SS1 (OCR1) 
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FIGURE 8-4: SIMPLE SHEAR TEST DATA, TEST SS2 (OCRl) 
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FIGURE 8-5: SIMPLE SHEAR TEST DATA, TEST SS3 (OCR1) 
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FIGURE 8-6: SIMPLE SHEAR TEST DATA, TEST SS4 (OCR 1) 
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FIGURE 8-8: SIMPLE SHEAR TEST DATA, TEST SS6 (OCR!) 
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FIGURE 8-9: SIMPLE SHEAR TEST DATA, TEST SS7 (OCR 1) 
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FIGURE 8-11: SIMPLE SHEAR TEST DATA, TEST SS9 (OCR4) 
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FIGURE 8-12: SIMPLE SHEAR TEST DATA, TEST SS10 (OCR4) 
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FIGURE 8-13: SIMPLE SHEAR TEST DATA, TEST SS11 (OCR2) 
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FIGURE 3-14: SIMPLE SHEAR TEST DATA, TEST SS12 (OCR1) 
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FIGURE 8-15: SIMPLE SHEAR TEST DATA, TEST SS13 (OCRl) · 
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FIGURE 8-16: SIMPLE SHEAR TEST DATA, TEST SS14 (OCR 1) 
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FIGURE 8-17: SIMPLE SHEAR TEST DATA, TEST SS23 (OCR 1) 
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FIGURE 8-18: SIMPLE SHEAR TEST DATA, TEST SS24 (OCR 1) 
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FIGURE 8-19b: SIMPLE SHEAR STRESS-STRAIN CURVES, OCR 1 
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FIGURE 8-20: SIMPLE SHEAR STRESS-STRAIN CURVES, OCR 2 
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FIGURE 8-21: SIMPLE SHEAR STRESS-STRAIN CURVES, OCR 4 
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FIGURE 8-22: COMPARATIVE PORE PRESSURE RESPONSE 
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FIGURE 8-23: SIMPLE SHEAR STRESS PATHS 
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FIGURE 8-24: NORMALISED SIMPLE SHEAR STRESS PATHS 
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FIGURE 8-31: TWO-WAY LOADING, SIMPLE SHEAR 
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FIGURE 8-36=SHEAR STRAIN VERSUS NUMBER OF CYCLES (SL·O·l.5) 
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CHAPTER NINE 
CRITICAL STATE MODEL FOR CYCLIC LOADING OF CLAY 
9.1 INTRODUCTION 
The results presented and discussed in Chapter Seven show 
that a linear relationship exists between the normalised rate of 
1 . u accumu at1on, --, and 
Pe 
the number of cycles of a pore pressure 
constant stress level, N, when both parameters are plotted on 
logarithmic scales. The slope of this line, defined as the decay 
constant a. is itself linearly dependent on the stress level. 
This information provides the basis for a design model to 
allow the prediction of the amount of pore pressure accumulated 
after a certain number of cycles of a given stress level. Alter-
natively, a prediction is possible of the number of cycles of load 
necessary to cause total failure of the soil sample. 
Since the scope of such a single stage model is limited a 
method is suggested by which the model could be extended to take 
.account of the more varied wave loading impcsed during a storm. 
9.2 PREVIOUS DESIGN MODELS 
One of the first methods used to predict the accumulation of 
pore pressure in a soil subject to repeated loading was that of 
Bjerrum (1973). It was devised for the analysis of cohesionless 
material and assumed (a) that the rate of pore pressure accumulation, 
termed a, was constant for a given stress level, (b) that a was 
linearly proportional to the stress level on a semi-log plot, and 
(c) that the effects of all the waves could be summed to produce 
the total amount of pcre pressure developed during the course of 
a storm. 
Andersen (1976) later suggested a similar method to predict 
the cyclic shear strain in cohesive soils. 
The philosophy of critical state soil mechanics (Schofield 
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and Wroth, 1968) was used as a basis for constitutive models proposed 
by Egan and Sangrey (1978) and Carter, Booker and Wroth (1982). 
Overy (1982) attempted to extend the carter, Booker and Wroth model 
by the introduction of a viscosity parameter to account for the rate 
effects evident in the loading of cohesive soils. These models, 
however, while claiming an advantage of simplicity over nested yield 
surface models, such as Prevost (1977), still required analysis by 
computer. 
ward (1983) and later Hyde and Ward (1985) presented a less 
complicated model to predict the build up of pore pressure in an 
isotropically consolidated silty clay. The model was based on an 
analysis of the rate of pore pressure production. 
Though the model produced reasonable, if conservative, estimates 
of pore pressure production its major limitation was that it was 
proven for only one-way loading. As was shown in Chapter Three 
two-way repeated loading is more relevant to offshore foundation 
conditions. 
The design methods presented in this Chapter are based on a 
similar pore pressure rate model but were developed based on data 
from two-way tests. Evidence has been presented, Section 7.4.3, to 
suggest that the previous one-way loading model may be a special 
case of the more general method outlined below. 
9.3 MODEL FOR SINGLE STAGE LOADING 
It was shown in Section 7.4.1 that under symmetric two-way 
loading it was the soil's behaviour during the extension phase which 
was of most importance. When the effective stress path in extension 
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had migrated to the imminent failure (IF) line the rate of strain in 
extension began to increase. Shortly afterwards the strain in 
compression began to increase dramatically until, by the time the 
stress path had reached the Hvarslev surface in extension, total 
failure, defined as a peak strain in excess of 10%, had occurred. 
A major aim in the design must be to ensure that the effective 
stress path stays below the IF line. Therefore, for the present case 
of symmetric two-way loading it is sufficient only to consider the 
pare pressure build-up and stress path movement on the extension side 
of the critical state yield envelope. 
The data required to build up the model can be obtained by the 
performance of the brief test series described below: 
1. a number of triaxial extension tests on samples 
isotropically normally consolidated to a range of 
effective cell pressures, the results from these 
tests defining the normal consolidation line (NCL) , 
the critical state line (CSL) and the normally 
consolidated effective stress path in triaxial 
extension; 
2. a number of undrained extension tests an isotropically 
overcansolidated samples, this series defining the 
linear Hvarslev surface and the isotropic swelling 
line and providing sufficient data to enable the 
calculation of Pe-values; and 
3. a series of at least three single stage two-way cyclic 
triaxial tests at different stress levels, the stress 
path plots allowing the definition of the imminent 
failure line, the pare pressure rate data providing 
sufficient information to fix the notional origin 
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ti 
vs N plots and enabling the a vs SL graph 
Pe 
on the 
to be drawn. 
Firstly, the normalised pore pressure rates are calculated and 
plotted against the number of cycles to provide a graph similar to 
Figure 9-lb. The results from three tests should allow the notional 
origin (B,C) to be located with confidence. The gradient, a, for the 
three tests can then be plotted against stress level, Figure 9-la. 
The straight line produced enables values of the decay constant to 
be estimated for intermediate values of stress level. 
The first step in the prediction is to decide the stress level 
and stress history of interest. Inputting both parameters to 
Figure 9-la, the relevant value of a is assigned. The pore pressure 
rate line can then be drawn on Figure 9-lb, intersecting point (B,C) 
and falling at a gradient of a. 
The pore pressure accumulated between the first and the nth 
cycle is estimated by calculating the area below the line between 
the limits N = 1 and N = n. The method is described mathematically 
below. 
Assuming a decay constant of a the pore pressure rate graph 
is represented by the equation: 
ti log - = a log N + log D 
Pe 
The gradient a is calculated as 
a = log c - logD log B - log 1 
a log B = c log 0 
= 
c 
D 
D = CB-a 
= 
log c - logD 
log B 
Combining 9.1 and 9.2 
log~ 
Pe = a log N + log CB -e 
9.1 
9.2 
Pore pressure 
u Na CB -a = 
Pe 
u = Na CB -aPe 
accumulated between 1 and 
,n 
= J Na CB -a Pe dN u 
= 
= 
I 
-a CB Pe 
1 +a 
-a CB Pe 
1 +a 
9.3.1 Initial Pore Pressure Response 
9.3 
n cycles 
9.4 
The model, as stated above, assumes that the maximum rate of 
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pore pressure production occurs during the first cycle. As discussed 
in a previous Section (7.3.2) thiswasnot, in fact, what happened. 
During the first few cycles a negative pore pressure was produced. 
However, since the loadingwassubject to some adjustment in the early 
cycles it was not possible to measure the amounts of pore pressure 
produced with any accuracy. Therefore, as an estimate, the results 
of a slow monotonic test were used. The pore pressure produced 
during the first cycle is taken to be equal to the amount of pore 
pressure produced at the same value of deviator stress in a slow 
strain controlled monotonic test. Obviously this method is far from 
satisfactory but in the absence of a system of loading that will 
account precisely for ram friction in the cell bushes the problem of 
load adjustment in the early cycles will remain. 
9.3.2 Comparison of Model Prediction with Measured Pore Pressure 
Response 
A comparison may now be made between the test data obtained 
during the research project and the model predictions. Equation 9.4, 
Figure 9-l and the monotonic test stress paths in Figure 6.6 provide 
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sufficient data to allow predictions to be made of the accumulated 
pore pressure at any point in a single stage two-way repeated load 
test. 
B and C are found from the u 
-- vs N graph as the co-ordinates 
Pe 
of the intersection point of the pore pressure rate plots. 
Pe is taken from Figure 6-4 and is 500 kPa for normally 
consolidated samples and 450 kPa for samples of OCR 2. For the 
purposes of this comparison n is taken as 10,000, the maximum number 
of cycles applied to samples under test. A range of stress levels 
were considered and the a-value relevant to each was found by 
reference to Figure 9-la. 
With each a-value input in turn the amount of pore pressure 
predicted after 10,000 cycles is given by Equation 9.4. Measuring 
from the slow monotonic stress path the predicted end points of 
each cyclic stress path can be plotted. Figures 9-2 and 9-3 compare 
the results of the model prediction with the measured stress paths 
for samples of OCRl and OCR2, respectively. 
It can be seen that this model, like that of Ward (1983), is 
conservative in nature. The correction, mentioned above, does not 
appear to compensate sufficiently for the negative pore pressure 
at the start of the tests. 
The model may be made to fit rather more closely be recalling 
that the negative pore pressure persisted for longer than the 
duration of the first cycle, Figures 7-22 to 7-25. By changing 
the limits of integration a much better fit can be obtained, 
Figure 9-2. For the normally consolidated tests the optimum appears 
to be a lower limit of 10 cycles. Changing the lower limit of 
integration has a much less significant effect on the OCR 2 samples, 
due to the lower position of the origin on Figure 9-lb. Even the 
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assumption that no positive change in pOre pressure occurs during 
the first 20 cycles causes a minimal change in the model prediction, 
Figure 9-3. 
Equation 9.4 may be rearranged to 
n = 
1 
u < 1 + a> + 1 ~+a 
-a CB Pe 
9.5 
In this form it may be used to estimate the number of cycles 
of load of a given severity the soil can survive before it begins 
to fail, given by its proximity to the IF line, or before total 
failure occurs, shown by the Hvorslev surface. The total amount of 
pore pressure U is given by the distance between the monotonic stress 
path and either the IF line or the Hvorslev surface, Figure 9-4. 
9.4 PROPOSED STORM LOADING MODEL 
Since an offshore structure will be subject to a varying wave 
spectrum during the course of a storm a rather more sophisticated 
model than that already presented is necessary. No multistage or 
storm loading tests were performed during the course of the project 
and so what follows is merely a hypothetical extension of the 
existing model. 
The first task in assessing a foundation's behaviour under 
storm loading is to define the design storm, usually the worst 
storm likely to occur over a lOO year period. Based on a statistical 
analysis of available wave data the storm is described in the form 
of a Rayleigh distribution. A spectral analysis (Foss, Dahlberg 
and Kvalstad, 1978) enables the duration of each wave to be related 
to a particular value of stress in the foundation soil by means of 
a transfer function. The storm can therefore be defined as a 
varying series of shear stresses. Kvalstad and Dahlberg (1980) 
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could find no evidence to suggest that random wave loading produced 
a significantly different result from loading in discrete packages. 
When performing a storm analysis, therefore, it is common practice 
to arrange the wave load spectrum into blocks of approximately 
equal height. A further assumption is made that the largest waves 
occur at the end of the storm, Figure 9-5. 
It is assumed that, as the cyclic stress increases from one 
level to the next, the soil retains the amount of pore pressure it 
had accumulated during the previous stages of loading. This is 
analagous to the "strain hardening" effect identified by Mcnismith, 
Ogawa and Freeme (1975) and used also by Andersen (1976) . In each 
case the strain accumulated is retained when the stress level 
increases. Bjerrum (1973) in his pore pressure accumulation method 
for sands made use of the same principle. Figure 9-6 illustrates 
graphically the proposed method for storm loading. 
The first nl cycles, with a decay constant e1, produce an 
amount of pore pressure equivalent to ul, the area under the el line 
between limits of l and nl. For the next package the stress level 
has increased and so the decay constant will be different. For an 
increase in stress level e will be shallower. At this new stress 
level the number of cycles required to produce the same amount of 
pore pressure, Ul, will be smaller, i.e. nl*<nl. The pore pressure 
produced by the second package of n2 cycles can be found by 
integrating between limits of nl* and nl* +n2. Alternatively the 
total pore pressure to date may be found by integrating between 1 and 
nl* +n2 cycles below the line with decay constant e2. Fer the next 
level of stress the decay constant will again be different and so a 
new starting point n2* must be found. 
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In mathematical terms: 
CB-al 
lnl+Sl 
- 11 Ul = Pe (1 + Sl) 
9.6 
1 
nl* Ul(l +S2) + 1 HS2 = 
-S2 
CB Pe 
9.7 
-S2 I (n2 + nl*)l+S2 
- 11 Ul + U2 = 
CB Pe 
(1 + S2) 
9.8 
n2* = I (Ul + U2) (1 + eJ) 9.9 
In order to take account of the negative pore pressures 
produced in the initial stages it is proposed that the effective 
stress path for the first stress level be drawn from the monotonic 
effective stress path. The resulting multistage stress path would 
be of the form shown in Figure 9-7. 
In the case of structure design the most important question 
to be answered is not the stress path's proximity to the Hvorslev 
surface but its proximity to the IF line. When the stress path 
reaches the IF line the strain rate begins to increase and the soil 
starts its path towards total failure. Serviceability limits, in 
terms of strains and displacements will be exceeded long before the 
stress path reaches the Hvorslev surface. The IF line therefore 
represents the lower limit to such behaviour. 
A series of multistage tests are necessary to test the 
assumptions made in the above paragraphs. 
The factor of safety against horizontal sliding is reduced 
by repeated loading since the build up of pore pressure reduces 
the effective stresses in the foundation. The reduction-in the 
safety factor is given by Bjerrum (1973) as the ratio -¥- where u 
crvc 
is the pore pressure accumulated during the co~se of the storm and 
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a~c is the initial effective vertical stress in the foundation. 
Mention must be made of the beneficial effects of repeated 
loading. A number of researchers have shown that drainage periods 
cause an increase in the soil's resistance to repeated loading 
(Overy, 1982; Brown et al., 1977). Once the storm has passed the 
pore pressures have an opportunity to dissipate resulting in a 
decrease in specific volume, Figure 9-8. The soil is now in a 
state of "quasi-overconsolidation" (Yasuhara, 1985). Its shear 
strength and resistance to repeated loading are therefore increased 
by the drainage. 
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CHAPTER TEN 
CONCLUSIONS AND 
RECOMMENDATIONS FOR FURTHER WORK 
10.1 CONCLUSIONS ARISING FROM TRIAXIAL EQUIPMENT DEVELOPMENT 
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a) A method was successfully developed which allowed the extension 
and two-way cyclic testing of soil samples in the triaxial device. The 
top platen assembly involved two perspex pieces; one attached to the 
top of the sample, the other attached to the bottom of the internal 
load cell. The sample was consolidated isotropically and, when 
consolidation was complete, the two parts were brought together. 
The cell pressure was sufficient to hold the two parts together 
over the range of deviator stresses applied during the course of 
the research project. 
b) A clamping arrangement was developed which allowed the required 
cyclic loading to be built up without applying load to the sample. 
However, some load adjustment was required once the clamp was released 
to compensate for friction in the cell bush. 
c) A micro-computer was interfaced with the triaxial testing 
equipment and software was developed to monitor the tests and analyse 
and plot the data. During tests, however, the computer's application 
was limited to datalogging. No facility was developed for computer 
control of the cyclic tests. 
10.2 CONCLUSIONS ARISING FROM SIMPLE SHEAR EQUIPMENT DEVELOPMENT 
a) A pore pressure transducer of the type used during triaxial 
tests was attached, initially, to the side of the simple shear 
device and was connected, via a length of plastic tubing, to the 
bottom platen. This arrangement failed to register any change in 
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pore pressure during undrained shear. This was believed to be due 
to the presence of air pockets trapped in connections between the 
sample and the transducer. Though the tubing was flushed with water 
before the samples were set up this proved to be an unsuccessful 
method of de-airing the system. 
b) Direct pore pressure measurement was made possible with the 
use of a miniature pore pressure transducer set in the top platen 
of the simple shear device. In comparison with tests performed 
according to the constant vertical height method, described by 
Bjerrum and Landva (1966) , undrained tests produced larger pore 
pressures than the change in vertical stress estimated. 
c) The simple shear reinforced membrane was instrumented in an 
attempt to monitor lateral stresses. The device performed well 
when used with reconstituted material during anisotropic consolidation. 
Thek0 value obtained compared well with empirical estimates based 
on the material's plasticity index and angle of friction. 
d) The instrumented membrane was not found to be successful in 
cyclic or post-cyclic tests and is not recommended for tests on 
undisturbed soils, where the k0 value at the start of the test is in 
doubt. 
e) The NGI simple shear device's primary advantage is its 
similitude to certain in situ conditions. It was never intended 
as a research tool and it is rather unrealistic to expect it to 
perform as one. The instrumented membrane's use should be limited 
to c) above. 
f) The system of circular grooves on the faces of simple shear 
platens allowed a certain amount of slippage to occur between 
platen and soil during tests on overconsolidated samples or during 
cyclic shear tests. 
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g) A more accurate measurement was made of both horizontal and 
vertical displacement. This was achieved by repositioning the dial 
gauges and LVDT. They were made to bear on a plate attached to the 
bottom platen which eliminated load cell and crosshead deflection. 
h) The limited strength of the reinforced membrane precludes 
the use of a back pressure to saturate the sample. As a result a 
slight variation in water content was noted in simple shear samples. 
10.3 CONCLUSIONS DRAWN FROM TRIAXIAL TESTS ON KEUPER MARL 
10.3.1 Monotonic Tests 
a) The critical state for triaxial compression tests was at point 
q'/Pe = 0.74, P'/Pe = 0.607. 
b) The critical state for samples tested in extension was at 
q ' ' point /pe = -0.6, P /pe = 0.64. 
c) The Hvorslev surface in compression may be regarded as linear 
and given the equation: 
= 
p' 0.26 + 0.807 /pe· 
Similarly, the Hvorslev surface in extension may be expressed 
as 
d) Both lines were observed to intersect on the p-axis at 
p' = -0.32. 
e) The effective angle of friction,$', was found to be the same 
for both extension and compression, within reasonable experimental 
limits; $~xt = 20.4°, $~amp= 20.8° 
f) The following critical state parameters were measured: 
Mcomp. = 1. 22 
Mext. = -0.938 
A = 0.0738 
k = 0.0271 
N = 2.007 
r comp. = 1. 971 
rext. = 1.975 
10.3.2 Two-way Cyclic Triaxial Tests 
a) A critical level of repeated loading (CLRL) was identified 
for two-way loading. At stress levels above the CLRL the sample 
failed in cyclic loading and at stress levels below an equilibrium 
state was reached. 
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b) A CLRL was identified for all stress histories considered and 
a linear relationship was shown between the normalised deviator 
stress and the normalised mean effective stress at the CLRL for 
each overconsolidation ratio. 
c) The behaviour during the extension phase of symmetric stress-
controlled two-way cyclic loading was shown to be the most important 
factor.governing the soil's response. 
Those samples which failed in cyclic loading were observed 
to strain in extension from early stages of the tests. The strain 
in compression remained constant until the strain in extension 
reached a value of between 0.4 to 0.7%. At this point the material 
was sufficiently disturbed by the repeated loading to cause a 
relatively sw.ift increase in compression strain. 
d) The strain rate behaviour at peak extension was observed to 
be similar in nature to that observed by La shine (1973) for one-way tests. 
When strain rate was plotted against the number of cycles on a log-
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log plot the observed relationship was initially linear and negative 
in slope. Those samples which failed in cyclic loading, however, 
exhibited an increase in strain rate prior to failure. 
The point at which the rate began to increase was termed the 
imminent failure (IF) point. The IF points for all samples which 
failed in cyclic loading fall along a unique line in the normalised q - p 
plane, independent of the samples' stress history. This line, 
termed the imminent failure line (IFL) meets the linear Hvorslev 
surface in extension on the p-axis. 
e) Total failure was observed by the time the samples' stress 
paths had reached the linear Hvorslev surface. Overconsolidated 
samples, whose applied stress paths were below the intersection of 
the Hvorslev surface and the q-axis, failed on reaching a curved 
boundary below the Hvorslev surface. 
f) The rate of accumulation of pore pressure, u, at the point 
of peak extension stress was shown to be related to N, the number 
of cycles of load applied. When both parameters were plotted on 
logarithmic axes the relationship was linear and of gradient a. 
g) It was further shown that the parameter a was linearly related 
to the level of repeated stress. 
h) A model was developed, involving N, a, u and stress level, 
to enable the prediction of the pore pressure produced after a given 
number of cycles of load of a knowry stress level. Alternatively the 
model offered the capacity to predict the number of cycles of load a 
sample could survive before failure occurred. 
i) An extension of the pore pressure model was proposed by which 
the varying stress levels, more appropriate to offshore design, 
could be analysed. 
10.3.3 Post-cyclic Compression Tests 
a) Samples which survived 10,000 cycles of repeated load were 
brought to failure by post-cyclic monotonic compression. No 
significant change in shear strength was observed as a result of 
repeated loading. 
b) The critical state point was the same for post-cyclic 
compression and monotonic compression without repeated loading. 
The pore pressure accumulated during repeated loading merely 
anticipated the pore pressure produced during post-cyclic shear. 
Skempton's A-parameter was the same for those samples which had 
and those which had not been subjected to repeated loading. 
c) There was no significant change in secant elastic modulus 
brought about by repeated loading. 
10.4 CONCLUSIONS DRAWN FROM SIMPLE SHEAR TESTS ON KEUPER MARL 
10.4.1 Simple Shear Consolidation 
a) The measurement of vertical strain and volume change during 
consolidation implied that the sample diameter changed during 
consolidation. Therefore k0 consolidation conditions strictly did 
not exist during simple shear consolidation. 
b) Assuming the lateral strain - generally less than 2% - to be 
negligible, the k0 value measured using the instrumented membrane 
was within the range suggested by commonly quoted empirical 
relationships. The membrane output data suggested a k0 value of 
0.52. 
c) A swelling line of the same slope as that produced hy the 
triaxial data was successfully fitted to the simple shear 
consolidation data. 
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10.4.2 Monotonic Simple Shear Tests 
a) Monotonic tests run according to the method described by 
) 
Bjerrum and Landva (1966) were termed "constant vertical height" 
or CVH tests. The maximum shear strength supported by the soil, 
normalised with respect to a' , the vertical stress at the end of 
VC 
consolidation, was within the range 0.26 to 0.277 for normally 
consolidated material. 
b) Tests performed undrained, with changes in pore pressure 
measured by a miniature transducer in the top platen, produced very 
similar stress ratios, in the range 0.248 to 0.29. 
c) As the overconsolidation ratio increased so too did the 
maximum stress ratio. For OCR 2,'f;a~c = 0.435 on average; for 
OCR 4, 'f;a~c = 0.59. 
d) The shear strength decreased as overconsolidation ratio 
increased. This conclusion holds only for samples which have been 
subject to the same maximum consolidation stress. When the results 
were normalised to eliminate the differences in void ratio caused 
by the different stress history, the OCR 2 samples appeared to have 
the same shear strength as those samples which were normally 
consolidated. The strength of samples of OCR 4 remained smaller. 
e) At the point of maximum shear stress the angle of friction, 
given by 
T tan- 1 (-~), was 22.6° on 
0 vc 
average. 
f) Stress paths, in terms of T and a~, for overconsolidated 
samples ended at points above the $-line drawn for tests on normally 
consolidated samples. 
g) An attempt was made to present the data from monotonic simple 
shear tests in terms of principal stresses. The stress paths of 
normally consolidated samples appeared to fail upon reaching the 
Mohr-Coulomb failure envelope in principal stress space. It was 
felt however that this was due to a combination of: 
i) an underestimate of the triaxial strength in extension; 
ii) an underestimate of the simple shear strength; and 
284 
iii) inaccuracies inherent in the assumption that the measured 
radial stress, Or, is equivalent to the intermediate 
principal stress, a 2 • 
10.4.3 Cyclic Simple Shear Tests 
a) As observed during cyclic triaxial tests a critical level of 
repeated loading exists above which failure occurs and below which 
the sample reaches a state of equilibrium, with no further increase 
in strain or pore pressure. For two-way simple shear tests on 
normally consolidated Keuper Marl the critical level was 0.45 'f• 
where Tf is the shear stress at failure in a monotonic simple shear 
test. 
b) At cyclic stresses above the critical level larger repeated 
stresses of the same frequency brought about failure in a shorter 
period of time. 
c) When stress levels were calculated with respect to the strength 
under monotonic loading the two-way triaxial tests had a more severe 
effect than the two-way simple shear tests in terms of the number of 
cycles of load required to cause failure. 
d) Pore pressure dissipation was observed towards the end of 
cyclic tests at stress levels below the critical value. This was 
due to water escaping from the sample and migrating to the unreinforced 
region of the membrane. It is recommended that, in future, cyclic 
simple shear tests are limited to 1000 cycles or less. 
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e) For sub-failure conditions larger stress levels produced 
larger amounts of pore pressure. 
f) The rates at which pore pressures were produced during cyclic 
simple shear tests were similar to the rates observed during cyclic 
triaxial tests. 
g) At failure the cyclic stress paths, in terms of t and o~, 
were above the normal consolidation failure line and below the line 
inferred from the results of tests on overconsolidated samples. 
10.4.4 Post-cyclic Simple Shear Tests 
a) There was no consistent change in shear strength as a result 
of repeated loading. 
b) The secant shear moduli of samples during post-cyclic tests 
were, on average, larger than those for monotonic tests on samples 
not previously subject to repeated loading. 
c) The effective vertical stress at the end of a post-cyclic 
test was, on average, the same as the effective vertical stress at 
the end of a monotonic test without cyclic loading. 
10.5 RECOMMENDATIONS FOR FURTHER ~IORK 
10.5.1 Triaxial Equipment 
a) The equipment, at present, is only capable of testing 
isotropically consolidated material. In order to make the results 
more relevant to in-situ conditions a facility for k0 consolidation 
is desirable. 
b) The computer interface at present successfully monitors the 
transducers during tests. The loading, however, is still manually 
controlled. As a result, there was an occasional drift in the observed 
load. Some form of computer control of sample testing ought to 
be developed to eliminate changes in load when the operator is not 
present. 
c) An extension to the pore pressure model developed in Chapter 
Nine has been proposed to enable storm loading conditions to be 
analysed. A programme of multistage triaxial tests is recommended 
in order to test the proposed model. 
d) At one time it was intended that the model should be tested 
on undisturbed soils. Lack of time has prevented this though such 
a programme of tests would still be of great interest. 
10.5.2 The Simple Shear Device 
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a) The miniature pore pressure transducer has been shown to work 
successfully during tests on remoulded material. Tests on undisturbed 
materials should now be performed to see if its use could be extended 
beyond research. 
b) Research ought to be carried out, using stiffer reinforced 
membranes, to find if some degree of back pressure could be success-
fully supported by the simple shear device. 
c) A stiffer membrane, if successfully instrumented, would also 
improve the estimation of k0 . This is also worthy of further study. 
d) Multi-stage tests are also recommended to study the behaviour 
of the material under storm loading conditions. 
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APPENDIX B 
THE EFFECT OF COMPRESSION ON 
INSTRUMENTED MEMBRANE OUTPUT 
B/1 
APPENDIX B 
THE EFFECT OF COMPRESSION ON 
INSTRUMENTED MEMBRANE OUTPUT 
' 
The reinforced membrane may be simplified and represented by 
the coil of wire in Figure B-1. The resistance of the wire will 
change if its dimensions are altered. The resistance is governed 
by the relationship: 
R = 
pl 
A 
B.l 
where p is resistivity, 1 is the length of the wire and A is its 
cross-sectional area. 
The largest change in resistance of the wire will occur if H 
reduces and D remains constant. This analysis makes the further 
severe assumption that the reinforcement and the latex have equal 
moduli. 
B/2 
Assuming the coil consists of n windings h mm apart, the length 
\ 
of one spiral is given, from Figure B-2, as 
1 = /n2 02 + h' B.2 
The total length of wire L is then given as 
L = n. 1 = n /n2 r)2 + h' B. 3 
After a uniform vertical compression of liH, such that the 
llh liH 
vertical strain <a = h = H' 
Lnew = nj(11D' + (h - llh) 2 
assuming D remains constant. 
B.4 
The cross-sectional area of the wire before compression, Aold• 
is given by 
Aold = 
V 
n/(11Dl 2 + h2 
B.5 
where V is the volume of wire. The area after compression, Anew' 
is given by 
Anew 
n j (nO) 2 + (h - .!I h) 2 
V 8.6 
The initial resistance Rold• given by Equation B.l, is then 
Rold = p~' [(n0) 2 + h') 
The resistance after compression Rnew, is given as 
P~' [ (no)' + (h - .!lh)') 
The ratio of new resistance to old is given as 
(nO) 2 + (h - .!lh) 2 
(nO)' + h2 
2Mh (.!lh) 2 1 
- (n0) 2 + h2 + (n0) 2 + h2 
For the membranes used during the present study: 
0 = 66mm 
h = O.Smm 
0 = 132h 
1 - 0.00001 •a + 0.000005 <~ 
B/3 
B. 7 
B.8 
The second order of axial strain is indeed negligible; but it 
would appear that the first order •a is also negligible and 10 5 
times smaller than that suggested by Berre (1981) . 
The effects of inductance on the resistance of the wire would 
be even smaller. It is obvious that the membrane output requires 
no correction for membrane compression during the consolidation 
stage. 
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APPENDIX D 
EQUIPMENT ACCURACY AND TOLERANCES 
In order to judge the value of the data obtained from the 
laboratory tests it is important to appreciate the accuracy and 
resolution of the transducers used to monitor the soil's response. 
Three parameters are normally monitored:· load, displacement 
and porewater pressure. From these values both total and effective 
stress and strain can be determined·. In addition, during the simple 
shear tests the lateral stress was measured using an instrumental 
reinforced membrane. Pore pressures in the simple shear samples 
were measured using a Druck miniature pore pressure transducer. 
All the instruments were calibrated regularly. The transducers 
used with the triaxial device were calibrated at least twice a year. 
The simple shear transducers were calibrated more frequently, In 
the case of the instrumental membranes and the miniature pore 
pressure transducer, the devices were calibrated prior to each test. 
On Table D-1 an indication is given of the degree of accuracy 
and resolution achieved with the instruments used in this work. 
The value quoted for accuracy is the maximum error recorded during 
calibration, as a percentage of the true reading. 
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B-value 
Skempton's pore water pressure parameter, B, is generally 
taken as an indication of the degree of saturation of the soil 
samples. The fact that B-values less than 1.0 were obtained of 
samples prepared under water suggests that some air may have been 
trapped in the triaxial pedestal despite the de-airing procedure. 
At its worst this lack of apparent saturation may have given rise 
to underestimated values of measure pore pressure up to a possible 
i l 10% for those sampleS where B = 0. 9 . 
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Test Type 
Triaxial 
Simple 
Shear 
Transducer Accuracy, % Resolution 
Load Cell 2.2 lN 
Pwp 2.3 0.5 kNm' 
Displacement 0.6 0.01 mm 
Load Cell 1.8 lN 
Pwp 4.0 1.0 kN/m' 
Displacement 0.65 0.005 
Membrane 1.6 0.1 kN/m2 
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